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Glossary of symbols
CCL = Compacted clay liners
GCL = Geosynthetic clay liners
GM = Geomembrane
HDPE = High density polyethylene
GT = Geotextile
PV = Pore Volumes of ﬂow [-]
CEC = Cation Exchange Capacity [meq/100g]
EC = Electrical Conductivity [mS/cm ]
EC0 = Initial Electrical Conductivity [mS/cm ]
Na-CMC = Sodium-Carboxymethyl Cellulose [-]
DPH GCL = Dense Prehydrated GCL [-]
MSB = Multiswellable Bentonite [-]
BPN = Bentonite polymer nanocomposite [-]
UC = Non-treated Bentonite [-]
PC = Propylene Carbonate [-]
Eh = Redox Potential [mV]
Gs = Speciﬁc gravity of soil solids [-]
XRD = X-ray diﬀraction [-]
SEM = Scanning Electron Microscopy [-]
DW = Deionized water [-]
SW = Seawater [-]
DDL = Diﬀuse double layer [-]
R = Universal gas constant [8.314 J/mol K]
σ = Surface charge density of the mineral [C/m2]
ν = Interlayer cation valence [V]
e = Elementary charge [1.602·10−19 C]
d = Half distance between unit layers [A]
ε = Permittivity of the intervening ﬂuid [C2/Jm]
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ε0 = Permittivity of vacuum [8.8542 · 10−12 C2/Jm]
D = Dielectric constant of the pore ﬂuid [-]
k = Boltzmann constant [1.38 ·10−23 J/K]
T = Absolute Temperature [K]
n0 = Bulk pore ﬂuid ion concentration [ions/m3]
e = Electric charge [1.602 · 10−19 C]
ρs = Density of the solution [kg/m3]
g = Gravitational accelaration [9.81 m/s2]
R = Universal gas constant [8.314 J/molK]
cs = Molar concentration of the solution [mol]
k = Hydraulic conductivity [m/s]
Kc = Hydraulic conductivity to a salt solution [m/s]
KDI = Hydraulic conductivity to deionized water [m/s]
Sv = Free swell volume in salt solution [ml/2g]
RMD = Relative abundance of monovalent and divalent cations [M0.5]
mw = Mass of water in the ﬁlter paper [g]
mf = Mass of the dry ﬁlter paper [g]
E = Interlayer attractive energy [V·J/m·A]
e = Elementary charge [1.602·10−19 C]
d = Half distance between unit layers [A]
n0 = Bulk pore ﬂuid ion concentration [ions/m3]
CT = computer tomography [-]
µCT = High resolution X-ray computer tomography [-]
e = Void ratio [-]
etot = Total void ratio [-]
e′′ = Void space within the platelets [-]
n = Porosity [-]
k = Hydraulic conductivity [m/s]
s′ = Eﬀective stress [kPa]
C = Concentration [M]
ct,i = Top inlet concentration [M]
cb,i = Base inlet concentration [M]
ct,0 = Top outlet concentration [M]
cb,0 = Base outlet concentration [M]
∆c = Salt concentration gradient [M]
cb,j = Concentration of solute species j at the bottom [M]
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Glossary of symbols
ct,j = Concentration of solute species j at the top [M]
∆P = Diﬀerential Pressure [kPa]
∆pi = Theoretical chemico-osmotic pressure [kPa]
pi = Chemico-osmotic eﬃciency [-]
A = Cross-sectional area of the specimen [m2]
m = Mass [kg]
V = Volume [m3]
t = Time [s]
L = Specimen thickness [m]
J = Diﬀusive ﬂux [s−1 mol m−2]
D0 = Diﬀusivity in free solution [m2 s−1]
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τ = Tortuosity factor [-]
Rd = Retardation factor [-]
Ψ = Donnan potential [V]
Ψ = Hydraulic permittivity [s−1]
SI = Swell index [ml/2g]
P = Fluid pressure in the external solution [kPa]
P¯ = Fluid pressure in the pore solution [kPa]
zi = Electrochemical valence of the ith ion [-]
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Cs = Fixed charge concentration [M]
Csk,0 = Fixed charge concentration divided by e [M]
Φsk = Fixed charge coeﬃcient [-]
ρsk = Density of solid particles [kg m−3]
fStern = Fraction of electric charge compensated by cations
speciﬁcally adsorbed in the Stern Layer [-]
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S = Total speciﬁc surface of the clay [m2/kg ]
S' = External speciﬁc surface around the clay aggregate [m2/kg]
S = Internal speciﬁc surface [m2/kg]
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Glossary of symbols
b = Interlayer space between clay aggregates [m]
usw = Swell pressure [kPa]
q = Volumetric ﬂux [m3 s−1]
F = Faraday constant [C mol−1]
F = Electric potential within the clay [V]
µ¯w = Water chemical potential in the pore solution [V]
µw = Water chemical potential in the external bulk solution [V]
Ie = Electric current density [A]
D∗s = Eﬀective salt diﬀusion coeﬃcient [m
2 s−1]
Ds,0 = Free solution salt diﬀusion coeﬃcient [m2 s−1]
φ Electric potential [V]
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u¯ = Hydraulic pressure of the pore solution [kPa]
usw = Swelling pressure [kPa]
kh,λ = Local hydraulic conductivity [m/s]
t1 = cation transport number [-]
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Samenvatting
Geosynthetic clay liners (GCLs) worden in grote mate gebruikt om afvalstortplaatsen te
isoleren om zo migratie van verontreinigingen in de grond te voorkomen. GCL's zijn in
de fabriek geproduceerde hydraulische barrieres die een dunne uniforme laag bentoniet be-
vatten die tussen twee geotextielen is gebonden of gelijmd. Bentoniet wordt gebruikt als
barriremateriaal vanwege zijn lage waterdoorlatendheid. De doorlatendheid kan echter sterk
toenemen door contact met agressieve vloeistoﬀen door kationuitwisseling en sterk gecon-
centreerde oplossingen. De doorlatendheid kan verder toenemen als hydrateren met een
elektrolytoplossing gecombineerd wordt met natte en droge cycli, als gevolg van seizoensge-
bonden veranderingen in temperatuur, regenval en grondwatermigratie.
Het doel van deze studie was om het eﬀect van natte en droge cycli met zeewater op
een gemodiﬁceerde bentoniet, HYPER clay, te onderzoeken. HYPER clay is bentoniet waar
aan een polymeer is toegevoegd met als doel de doorlatendheid blijvend te verlagen ook in
aanwezigheid van elektrolytoplossingen dankzij de onomkeerbare adsorptie van het polymeer
aan de klei.
Om het eﬀect van natte en droge cycli te bestuderen, werd een aantal tests uitgevoerd.
Het zwelvermogen werd gevalueerd door middel van vrije eendimensionale zwelproeven, zwel-
druk proeven, de scheurvorming van de klei in de droge cycli met µCT Scanning. De invloed
van de droogtemperatuur op de zwelling en de hydraulische prestaties werd ook onderzocht.
Het proefschrift bevat een beschrijving van de voornaamste met polymeren gemodi-
ﬁceerde bentonieten en een overzicht van de hydraulische prestaties van deze materialen.
Het polymeer wordt echter niet altijd in de kleistructuur ingebakken. Daarom wordt soms
uitspoelen van het polymeer geconstateerd.
De waterdoorlatendheid en zwelling van poeder HYPER clay onderworpen aan natte en
droge cycli met zeewater werd onderzocht. De prestaties van HYPER clay werden vergeleken
met die van onbehandeld bentoniet. Het zwelvermogen werd gekwantiﬁceerd door vrije
eendimensionale zweltests. De HYPER clay behandeling verbeterde het zwelvermogen van
het bentoniet onderworpen aan zes natte en droge cycli met zeewater. De zwelling van
HYPER clay behandeld met 8% polymeer aan het einde van de cycli was vergelijkbaar met
v
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de maximale zwelling van onbehandeld bentoniet in gedeoniseerd water. De µCT analyse
toonde een betere zelfhelende capaciteit en een kleinere volume scheuren van HYPER clay
in vergelijking met onbehandeld bentoniet. In tegenstelling tot de onbehandelde klei bleef
de doorlatendheid van HYPER clay laag voor zeewater gedurende de cycli.
De invloed van drie verschillende droogtemperaturen (20°C, 40°C en 60°C) op de zelfhe-
lende capaciteit en het zwelvermogen van HYPER clay en onbehandelde klei werd onderzocht
met behulp van oedometercellen. Deze resultaten werden vervolgens gebruikt om de water-
doorlatendheid van GCL prototypes die eerder werden onderworpen aan natte en droge cycli
bij verschillende droogtemperaturen (40°C and 105°C) te interpreteren. Bovendien werd de
invloed van nat en droogcycli op de GCL's overlap gevalueerd met behulp van de 'ﬂow box'.
De ﬂow box maakt het mogelijk om de doorlatendheid van een grootschalig kleimonster te
meten en het is mogelijk om de doorlaatbaarheid te meten in verschillende delen van het
monster oppervlak.
Het zwelvermogen van HYPER clay is altijd groter dan dat de onbehandelde klei, on-
afhankelijk van de droogtemperatuur. De hogere zwelling van HYPER clay suggereert een
betere hydraulische prestatie in vergelijking met onbehandelde klei. De doorlatendheid voor
zeewater na vier natte en droge cycli van de GCL die HYPER clay bevatte was inder-
daad lager dan voor de GCL die onbehandelde klei bevatte. Er werd geconcludeerd dat
het polymeerbehandelde bentoniet HYPER clay betere prestaties vertoonde dan onbehan-
deld bentoniet, zelfs na vier natte en droge cycli van HYPER clay in zeewater, en het kan
daardoor een waardevolle vervanging voor onbehandeld bentoniet in GCL's zijn.
De zweldrukproeven werden uitgevoerd om het zwelvermogen van zowel onbehandelde
klei als HYPER clay te meten door vier natte en droge cycli met zeewater bij een droogtem-
peratuur van 40°C. Onbehandeld bentoniet werd ook onderworpen aan natte en droge
cycli met een NaCl oplossing met een vergelijkbaar zoutgehalte als zeewater. HYPER clay
bevestigde zijn hogere zwelvermogen zelfs in aanwezigheid van een agressieve omgeving, dat
wil zeggen zeewater. Deze resultaten werden theoretisch geinterpreteerd met het door Do-
minijanni ontwikkelde model door (Dominijanni and Manassero 2012a,b). De theoretische
krommes werden getekend op basis van de zweldruk van onbehandeld bentoniet en HY-
PER clay 8% voor een toenemende ionische sterkte van het porienwater. In de analyse
is een constant aantal kleiplaatjes per aggregaat verondersteld, onafhankelijk van de ionis-
che sterkte, om een schatting te maken van de zweldruk als functie van de ionische sterkte
op basis van de uitgevoerde experimenten. Deze eerste interpretatie heeft aangetoond dat
de polymeerbehandeling de netto negatieve lading van de klei verhoogde en de aggregatie
tussen klei-plaatjes beperkte met als gevolg een verbetering van het zwelvermogen. De zwel-
drukwaarden voor natte en droge cycli met natriumchloride en zeewater werden vervolgens
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opnieuw geanalyseerd. De resultaten verkregen uit natte en droge cycli met natriumchloride
van onbehandelde klei laten zien dat het mogelijk is om het model te gebruiken om de afname
van de zweldruk door de nat en droog cycli te simuleren. Wel is meer onderzoek nodig met
behulp van gecontroleerde proeven om de omstandigheden in het veld beter te vergelijken
met de theoretische curve.
Resultaten van chemische-osmotische tests op BPN (bentonite polymer nanocomposite)
en DPH GCL (dense pre-hydrated GCL) monsters, gehydrateerd met KCl, uit de literatuur
werden gebruikt om membraaneﬃciëntie te bereken. In het algemeen waren de waarden van
membraaneﬃciëntie voor gemodiﬁceerde bentonieten hoger dan die van een conventioneel
bentonietmonster getest met een KCl oplossing. De theoretische curve van de globale re-
ﬂectiecoëﬃciënt versus gemiddelde concentratie kwam goed overeen met de experimentele
resultaten van zowel BPN als DPH-GCL. Daarnaast is de membraaneﬃciëntie van gemod-
iﬁceerd bentoniet toegenomen, wanneer de porositeit van de monsters werd verlaagd. De
vergelijking van de elektrische ladingen in het vaste stof skelet vertoonde een hogere waarde
voor BPN vergeleken met DPH-GCL, waarschijnlijk door de hogere hoeveelheid polymeer.
Echter, de elektrische ladingen aan het vaste skelet van de gemodiﬁceerde bentonieten waren
altijd hoger dan die van onbehandeld bentoniet.
In het algemeen versterkt deze studie het idee dat HYPER clay een goede vervanging
zou kunnen zijn van onbehandelde klein voor toepassingen in agressieve omgevingen, zoals
zeewater.
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Abstract
Geosynthetic clay liners (GCLs) are widely used to isolate waste disposal facilities in order
to prevent pollutant migration into the ground. GCLs are factory-manufactured hydraulic
barriers containing a thin uniform layer of bentonite sandwiched between two geotextile or
glued to a geomembrane. Bentonite is used as barrier material thanks to its low conductivity
to water. However, the hydraulic performance may be impaired by contact with aggressive
liquids due to cation exchange and highly concentrated solutions. The eﬃciency of these
liners can further deteriorate if hydration with an electrolyte solution is combined with wet
and dry cycles, as a result of seasonal changes in temperature, rainfall and groundwater
migration.
The purpose of this study was to evaluate the eﬀect of wet and dry cycles with seawater
on a modiﬁed bentonite, HYPER clay. Seawater was selected to simulate conditions where
wet-dry cycling is associated with high ionic strength of the inorganic permeant solution,
such as a leachate. It represents an aggressive environment for the bentonite clay double
layer thickness as it contains a high amount of monovalent and divalent cations. HYPER
clay is a polymer amended bentonite with enhanced performance in presence of electrolyte
solutions thanks to the irreversible adsorption of the polymer onto the clay.
To study the eﬀect of wet and dry cycles a number of tests was performed. The swelling
ability was evaluated by means of free one-dimensional swell tests, swell pressure tests,
temperature impact tests and µCT scanning. Whereas the hydraulic performance is studied
through hydraulic conductivity tests with ﬂexible wall permeameters. The inﬂuence of drying
temperature on the swelling and hydraulic performance was also investigated.
Firstly, the thesis includes a description of the main polymer-modiﬁed bentonites devel-
oped so far. An overview of the hydraulic performance of these materials is provided. The
amendment with polymers improved the barrier performance of the bentonite compared
to untreated clay. However, the polymer is not always intercalated in the clay structure.
Therefore, release of the polymer was experienced in some cases.
The hydraulic conductivity and swelling ability of powder HYPER clay subjected to wet
dry cycles with seawater was studied. The performances of HYPER clay were compared with
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those of untreated sodium bentonite. The swelling ability was quantiﬁed by means of free
one-dimensional swell tests. The treatment with the anionic polymer improved the swelling
and sealing ability of the bentonite subjected to six wet and dry cycles with seawater. The
swelling of HYPER clay treated with 8% of polymer at the end of the cycles was comparable
to the maximum swelling of untreated bentonite in deionized water. In addition, µCT
analysis demonstrated the better self-healing capacity and the smaller volume of cracks of
HYPER clay compared to untreated bentonite. Unlike the untreated clay, HYPER clay
maintained low permeability to seawater throughout the cycles.
The impact of three diﬀerent drying temperatures (air, 40°C and 60°C) on the self-
healing capacity, swelling ability and water adsorption of HYPER clay and untreated clay
was investigated using oedometer cells. These results were then adopted to interpret the
hydraulic conductivity of GCL prototypes previously subjected to wet and dry cycles at
diﬀerent drying temperatures (40°C, 60°C and 105°C). In addition, the impact of wet and
dry cycles on the GCLs overlap was evaluated by means of the ﬂow box. The ﬂow box
allows the measurement of a large scale sample and it is possible to check the permeability
in diﬀerent sections of the sample surface.
The swelling ability and water adsorption of HYPER clay always exceeded the values
recorded for the untreated clay independently of the drying temperature. The higher swell
of HYPER clay suggests a better hydraulic performance compared to untreated clay. Indeed,
the hydraulic conductivity to seawater after four wet and dry cycles of the GCL containing
the polymer treated bentonite was lower compared to the GCLs containing untreated clay at
each drying temperature. These ﬁndings demonstrated the persistence of the polymer in the
bentonite structure. The HYPER clay treatment intercalates the polymer in the interlayer
region of the bentonite, likely inducing a disperse structure of the bentonite.
Swell pressure tests were conducted to measure the swelling ability of both untreated clay
and HYPER clay through four wet and dry cycles with seawater at a drying temperature
of 40°C. Untreated bentonite was also subjected to wet and dry cycles with NaCl solution.
HYPER clay conﬁrmed its higher swelling ability even in presence of an aggressive environ-
ment, i.e. seawater. These results were interpreted theoretically with the model developed
by Dominijanni and Manassero (2012a,b). The theoretical curves were drawn based on the
swell pressure of untreated bentonite and HYPER clay 8% to increasing ionic strength. The
assumption of constant number of platelets per aggregate independently of the ionic strength
was adopted to obtain acceptable estimations of the experiments performed. This ﬁrst in-
terpretation demonstrated that the polymer treatment increased the net negative charge of
the clay and limited the aggregation between clay platelets with a consequent improvement
of the swelling ability. The swell pressures values through wet and dry cycles with sodium
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chloride and seawater were then back analyzed.
The results obtained from wet and dry cycles with sodium chloride of untreated clay
showed that it might be possible to use the model to simulate the aging process. On the
other hand, more investigation is required for the samples subjected to the cycles with
seawater due to the lack of information about the ﬁnal concentration.
The back analysis of experimental literature data allowed to deﬁne the ﬁxed charge con-
centration for modiﬁed bentonites (BPN and DPH GCL) extending the application of the
model to all treated clays. Results of chemico-osmotic tests on BPN and DPH GCL speci-
mens, hydrated with KCl, were used. In general, values of membrane eﬃciency for modiﬁed
bentonites were higher than those of conventional bentonite specimens tested with KCl so-
lution. The theoretical curve of the global reﬂection coeﬃcient versus average concentration
represented well the experimental results from both, BPN and DPH GCL. As for untreated
bentonite, the membrane eﬃciency of modiﬁed bentonites increased with decreasing the
porosity of the specimens. The comparison of the solid skeleton electric charges showed
higher value for BPN compared to DPH GCL, probably due to the higher amount of poly-
mer. However, the solid skeleton electric charges of the modiﬁed bentonites were higher
compared to those of untreated bentonite likely due to the presence of the polymer.
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Chapter 1
Introduction
1.1 Problem statement
Nowadays, large volumes of contaminated leachates are produced by the inﬁltration of water
through solid waste in landﬁll disposal facilities, uncontrolled dumping of pure solvents or
spills. In order to protect public health, safety and environmental quality, these contaminants
could be isolated from the surrounding ground by means of clay barrier systems. These
barriers must ensure low hydraulic conductivity in the long term to avoid migration of
contaminants in the surrounding soil and groundwater and release of gas in the air. Clay
barriers can be placed on top of the waste (cover liners) as well as in between the waste and
the ground soil (bottom liners). In particular, covers are used to prevent direct exposure
of the waste, promote water runoﬀ while minimizing erosion and reduce the inﬁltration of
rainfall while controlling leachate and gas migration.
In the past, compacted clay liners (CCLs) were often used as containment facilities.
CCLs consist of natural soil materials or bentonite-soil blends which are compacted in situ
leading to a low hydraulic conductivity lower than k < 10−9 m/s. Their minimum thickness
is prescribed by national regulations and varies between 0.5 m and 1.5 m.
During the last decades, geosynthetic clay liners (GCLs) have been developed and widely
used instead of CCLs. GCLs are factory-manufactured hydraulic barriers consisting of a thin
layer of bentonite encased by geotextiles, glued to a geomembrane or a combination of them.
They are characterized by a very low hydraulic conductivity to water (k = 10−10-10−12 m/s
(Likos et al. 2010)), reduced thickness compared to CCL, relatively low cost and are easy to
install. In addition, GCLs are more able to withstand diﬀerential settlements compared to
compacted clay liners (Bouazza 2002).
Bentonite is the main component of both CCLs and GCLs thanks to its low permeability
and good sealing capacity in presence of water. However, permeating bentonite with ag-
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gressive solutions might cause a collapse of the diﬀuse double layer (DDL) decreasing their
hydraulic eﬃciency.
The performance of bentonite can further deteriorate when the compression of the DDL
is combined with wet and dry cycles as a result of seasonal changes in temperature and
rainfall (Benson and Meer 2009; Bouazza et al. 2007; Lin and Benson 2000). As a conse-
quence, the cracks formed during desiccation might not heal properly upon rehydration with
a high electrolyte solution due to the decrease in swelling leading to a signiﬁcant increase in
hydraulic conductivity. Therefore, a lot of attention should be given to this topic as current
environmental laws and regulations state that clay barrier systems should maintain a low
hydraulic conductivity under all circumstances.
1.2 Proposed solution
GCLs have undergone great changes since the 1990's. Engineers had to explore new the-
oretical problems, i.e. the study of solute transport, swelling ability and climate changes
in bentonites, since hydraulic performances of GCLs are greatly aﬀected by the chemical
composition of the environment surrounding the barrier liner.
In the recent years, new speciﬁc technologies of modiﬁed bentonites have been developed
to enhance the containment performance and chemical resistance to aggressive solutions of
GCLs. For instance, Multiswellable Bentonite (MSB), which is a bentonite compounded with
Propylene Carbonate (PC), Dense Pre-Hydrated GCL (DPH GCL), densiﬁed by vacuum ex-
trusion after prehydration with a polymeric solution containing Na-CMC, sodium polyacry-
late and methanol and bentonite polymer nanocomposite (BPN), an organic monomer poly-
merized in a bentonite slurry. In particular, Di Emidio (2010) developed a polymer-modiﬁed
bentonite clay with improved hydraulic performance, called HYPER clay. HYPER clay
treatment consists of a natural bentonite treated with the anionic polymer CarboxyMethyl-
Cellulose (Na-CMC). The anionic polymer changes the structure of the bentonite as such,
that the double layer thickness of the clay resists collapse when permeated with high elec-
trolyte solutions. This means that a clay liner constituted by HYPER clay might be more
capable of protecting the surrounding soil and groundwater than an untreated clay.
Carboxymethyl cellulose is a derivative of cellulose obtained by the chemical modiﬁcation
of natural cellulose. Therefore, it is one of the most common organic substances on earth.
Photosynthesis annually creates huge amounts of cellulose. The elemental composition of
cellulose is 44.4% C, 6.17% H and 49.39% O, resulting in the formula (C6H10O5)n. Thanks to
its properties, carboxymethyl cellulose has many desirable applications, such as in coatings,
formation of emulsions and suspensions, and for water retention.
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There is evidence that the occurrence of wet and dry cycles due to temperature changes
plays a crucial role in regulating the hydraulic performance of bentonite liners (Hewitt and
Philip 1999; Koerner and Koerner 2005). For this reason, in view of pollutant contain-
ment applications, it is of great interest to evaluate the potential beneﬁts of HYPER clay
technology on clays subjected to cycling hydration and desiccation.
1.3 Objectives of this research
Several researchers reported that GCLs experienced cracking and loss of panel overlap in the
ﬁeld. In addition, hydraulic conductivity tests of exhumed GCL samples showed an increased
hydraulic conductivity compared to the original one. One of the main causes of the loss of
GCL eﬃciency in the ﬁeld is the occurrence of wet and dry cycles, due to temperature
seasonal changes.
The main objective of this doctoral thesis is to investigate the resistance to wet and dry
aging using highly concentrated electrolyte solutions, such as seawater, of an innovative poly-
mer modiﬁed bentonite, HYPER clay. The performance of the amended bentonite was then
compared to that of untreated bentonite. In order to address this goal, the swelling ability,
amount of cracks and hydraulic performance of these materials were studied throughout wet
and dry cycles with seawater.
Furthermore, an additional goal of this work was to investigate the inﬂuence of diﬀer-
ent drying temperatures on the swelling ability, water absorption and crack formation of
untreated bentonite and HYPER clay throughout wet and dry cycles with seawater. The
temperature impact on the hydraulic performance of GCL prototypes containing HYPER
clay and untreated bentonite was also studied.
Additionally, this research wanted to analyze the possible application of Donnan Equa-
tions and the Fixed Charge Theory to modiﬁed clays subjected to wet and dry aging. For
this purpose, experimental results of the swelling pressure of untreated bentonite and HY-
PER clay subjected to wet and dry cycles performed here were interpreted with the model
of Dominijanni and Manassero (2012a) and also chemico-osmotic test results from literature
of polymer modiﬁed bentonites were back-analyzed with the model.
1.4 Outline of this doctoral thesis
This doctoral research was carried out at the Laboratory of Geotechnics, Ghent University.
The content of this research is reported in this thesis as follows:
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Chapter 2. State of the art. Overview of the current state of the art of conventional ben-
tonite and GCLs. Swelling mechanisms and parameters aﬀecting the hydraulic conductivity
of bentonite are described.
Chapter 3. Hydraulic Conductivity of Modiﬁed Bentonites. This chapter gives an
overview of diﬀerent modiﬁed bentonites developed in the recent years. Their features and
hydraulic performances are compared and discussed.
Chapter 4. Hydraulic conductivity and swelling ability of a polymer modiﬁed bentonite
subjected to wet-dry cycles. This chapter is a combination of two papers (De Camillis et
al. 2016a,b) published in 2016 in Geotextiles and Geomembranes journal and Applied Clay
Science journal. The impact of polymer treatment on the performance of HYPER clay had
been evaluated and compared to the behavior of untreated clay. In this preliminary stage,
powder bentonite was used to simulate GCLs. Diﬀerent samples were tested by means of
free one-dimensional swell tests and hydraulic conductivity tests during the wetting cycles
and dried at 40°C. Crack formation and self-healing capacity were evaluated both visually
and with microcomputed tomography (µCT) scanning.
Chapter 5. Eﬀect of wet and dry cycles on GCLs prototypes: swelling and hydraulic
performance. The impact of diﬀerent drying temperatures (20°C, 40°C, 60°C) on the self-
healing capacity, water adsorption and swelling ability was investigated on powder HYPER
clay and untreated clay. These results were then used to interpret the hydraulic conductivity
of GCL prototypes previously subjected to wet and dry cycles at diﬀerent drying temper-
atures (air drying at 20°C, 40°C, 60°C, 105°C). In addition, the impact of wet and dry
cycles on the GCLs overlap was evaluated by means of the ﬂow box. The ﬂow box allows
the measurement of the hydraulic conductivity of a large scale sample and it is possible to
check the permeability in diﬀerent sections of the sample surface.
Chapter 6. Theoretical interpretations: swelling pressure and chemico-osmotic perfor-
mance. During the stage at Politecnico of Turin (Italy), the model developed by Dominijanni
and Manassero (2012a,b) was used to back analyze experimental results of the swell pressure
tests on HYPER clay and untreated bentonite throughout wet and dry cycles. The purpose
was to investigate whether the model can be applied to simulate the aging process of the
bentonite. In addition, recently published chemico-osmotic results of modiﬁed bentonites,
such as BPN and DPH GCL, were back analyzed with the model on the basis of the Fixed
Charge Model and Donnan's equations.
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State of the art
2.1 Waste management
The quantity and quality of waste have changed over the years due to the invention of new
products, technologies and services. Solid waste is deﬁned as unwanted material at the point
of generation which does not have immediate use. The term solid waste can be misleading
because it includes not only solids but also liquids and gases. A lot of this waste is not
properly removed and ends up in the groundwater that transports the waste, aﬀecting a
large area. This can have tremendous consequences for people, fauna and ﬂora. Hence,
with rising number of people, wealth and urbanization a good solid waste management is
essential to reduce the risk of commutable diseases and the toxicity of food and water. There
are three main types of waste: municipal waste, hazardous waste at municipal landﬁll sites
and industrial waste.
Municipal waste
Municipal waste contains solids, semisolids or liquids (wastewater) from commercial and
residential sources and is classiﬁed as non-hazardous. The solid and semisolid wastes consist
of a mixture of food waste, fabrics, paper, etc. The properties and constituents of municipal
wastewater depend on many factors like the size of the community and the types of industries
in the community. When groundwater or inﬁltration water passes through a municipal solid
waste, it takes up a lot of dissolved and suspended materials. The composition of the
contaminated liquid, called leachate, depends on diﬀerent factors such as the composition of
the waste constituents and the degree of degradation. An analysis of the diﬀerent leachates
is essential as diﬀerent characteristics call for diﬀerent waste management methods.
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Industrial waste
The type of industry producing the waste inﬂuences the composition of industrial wastes
and their leachates. There are diﬀerent activities that are sources of industrial waste like in-
dustrial construction and demolition, fabrication, light and heavy manufacturing, reﬁneries,
chemical plants and non-nuclear power plants.
Hazardous waste
Hazardous wastes need a strict control regime as they are a greater risk to the environment
and human health compared to non-hazardous wastes. Hazardous waste can originate from
a wide range of industrial, agricultural, commercial and household activities (Bouazza 2002).
A waste is called hazardous if it meets one of the following four criteria:
1. The waste should be listed as a hazardous waste (listed wastes);
2. Any waste that is mixed with a hazardous waste is also considered to be hazardous;
3. Any derivation from the treatment, storage or disposal of hazardous waste is also
hazardous;
4. The waste exhibits one of four characteristics of hazardous waste: ignitability, corro-
sivity (pH ≤ 2 or pH ≥ 12.5), reactivity (unstable waste) and toxicity.
2.1.1 Waste containment strategy
Proper waste collection is of great importance to protect public health, safety and environ-
mental quality. Nowadays, storage of collected waste occurs in a carefully selected, designed
and constructed disposal site that cuts oﬀ the migration of contaminants to the surrounding
groundwater. Leachate collection systems and hydraulic barriers have proven to be very
eﬃcient (Bouazza 2002).
As it can be seen in Fig. 2.1, hydraulic barriers can be placed on top of the waste (cover)
or at the bottom of the landﬁll (liners). The covers are made out of several types of layers and
provide a barrier for water rather than for leachate. Therefore, these covers should provide
less chemical resistance compared to liners. However, in coastal areas the chemical resistance
of covers is still an important characteristic as seawater, which contains a high amount of
monovalent and divalent cations, can impair their hydraulic eﬃciency. Furthermore, covers
are more susceptible to durability and exposure concerns compared to liners. Liners on the
other hand, should mainly prevent the passage of leachates which contain several types of
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Figure 2.1: Multiple uses of geosynthetics in landﬁll design (Bonaparte et al. 2002)
cations. These cations can aﬀect the hydraulic conductivity of the liner. In the laboratory,
these leachates are simulated by using electrolyte solutions.
2.2 Compacted Clay Liners
In the past, compacted clay liners (CCL) were often used in waste disposal facilities to
prevent pollution of the surrounding soil or groundwater by contaminants. CCLs consist of
natural soil materials or bentonite-soil blends and have a thickness between 0.50 and 1.50 m.
Compaction of the soil material in situ results in a low hydraulic conductivity (≤ 1 × 10−9
m/s). However, the hydraulic conductivity strongly depends on the compaction criteria like
moisture content, compaction eﬀort etc. (Koerner 2012).
2.3 Geosynthetic clay liners
Over the past decades, Geosynthetic Clay Liners (GCL) are preferably used as hydraulic
barriers since they have a lot of advantages compared to conventional CCLs (Table 2.1).
GCLs are factory-manufactured hydraulic barriers consisting of a thin layer of bentonite
(4.5 kg/m2) supported by geotextiles, geomembranes or a combination of them. GCLs can
vary based on the type and mineralogy of the used bentonite (calcium, sodium or sodium
activated bentonite), the bonding methods (needling, stitching or chemical adhesion) and
the type of geotextile (Bouazza 2002). Therefore, the performance of GCLs at controlling
leakage in ﬁeld applications can be aﬀected by the aforementioned design factors (bentonite
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Table 2.1: Comparison of CCL and GCL (Koerner 2012)
Compacted Clay Liners (CCLs) Geosynthetic Clay Liners (GCLs)
Thick (300 to 900 mm) Thin (6 - 10 mm)
Impossible to puncture Possible to damage and puncture
Slow, delicate and complicated compaction works Rapid, simple installation
Highly workforce dependent Construction quality assurance and quality control are critical
Highly variable ($ 0.07 to $ 0.3 per m2) $ 0.05 to $ 0.1 per m2
type and density, bounding technique, cover type) (Rowe 2014).
GCLs are characterized by a very low hydraulic conductivity to water (k ≤10−10 m/s), a
limited thickness (between 6 and 10 mm) and a relatively low cost (Koerner 2012). In addi-
tion, GCLs are more able to withstand diﬀerential settlements compared to compacted clay
liners (Bouazza 2002). In this regard, GCLs eﬃciency can be inﬂuenced by the interaction
of the bentonite with the pore water in the adjacent soil, degree of saturation and level of
exposure to thermal cycles (Rowe 2014).
Since GCLs are composite materials consisting of bentonite clay within geotextiles or
geomembranes, it is necessary to describe each of the components in the following paragraphs
before considering the total manufactured product.
Bentonite
Bentonite is a naturally available clay which is generated from the deposition and alteration
of volcanic ash. Bentonite contains a high amount of the swelling clay mineral montmoril-
lonite and variable amounts of other minerals. Montmorillonite belongs to the smectite group
in which all members have an articulated layered structure. This clay mineral is responsible
for the desirable physical and chemical attributes of bentonite. However, the permeability
and sensitivity of bentonite to the composition of permeant liquids strongly depend on the lo-
cation where the bentonite comes from (Shackelford et al. 2000). There are diﬀerent types of
bentonite, which are named based on the respective dominant element. The most important
types are sodium bentonite, calcium bentonite and sodium activated bentonite. In sodium
bentonite the exchange sites are mainly occupied with the monovalent cation Na+. When
sodium bentonite is hydrated with deionized water, two types of swelling will occur namely
crystalline and osmotic swelling. This results in a high swell volume (swell index = 19 ml/2g),
a low hydraulic conductivity to water and beneﬁcial sealing characteristics (Shackelford et al.
2000). As sodium bentonite is only available in Wyoming and North Dakota in the U.S.A.,
the transportation cost is very high. In calcium bentonite, the bivalent cation, Ca2+, is the
dominant exchangeable cation leading to a lower swelling during hydration (swell index = 12
ml/2g). Consequently, the hydraulic conductivity of calcium bentonite is higher compared
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to sodium bentonite (6×10−11 versus 6×10−12 m/s, respectively (Gleason et al. 1997). By
sodium activation, a hydraulic conductivity comparable to the naturally occurring sodium
bentonite can be obtained. This process is based on the dry mixing of calcium bentonite and
sodium carbonate which induces a replacement of the calcium oxides (Likos et al. 2010).
Geomembranes
The International Geosynthetics Society (IGS) deﬁnes a geomembrane as continuous ﬂexible
sheets manufactured from one or more synthetic materials. They are relatively impermeable
and are used as liners for ﬂuid or gas containment and as vapour barriers (IGS, 2017). As
reported by (Touze-Foltz and Farcas 2017), there are three main types of geosynthetic barri-
ers (or geomembranes) according to the application: clay geosynthetic barriers, bituminous
geosynthetic barriers and polymeric geosynthetic barriers, when the system is implemented
by clay, bitumen or polymer respectively. For instance, common types of geomembranes
manifactured with polymers include high density polyethylene (HDPE), linear low density
polyethylene (LLDPE) and polyvinyl chloride (PVC) (McWatters et al. 2016).
In general, geomembranes are characterized by low hydraulic conductivity and limited
thickness. As the former characteristic ranges between 10−11 m/s and 10−14 m/s, geomem-
branes are often called impermeable. A basic requirement is that the minimum thickness
must be at least 2.50 mm, regardless of the surface texture of the geomembrane.
Geotextiles
Geotextiles (GT) are often used to enclose the bentonite in GCLs. GTs are permeable
geosynthetics comprised solely of textiles. They are used with foundation, soil, rock, earth,
or any other geotechnical engineering-related material as an integral part of human-made
project, structure, or system (ASTM 4439). They can be woven, nonwoven, or composite
nonwoven with a woven scrim. Geotextiles are characterized by diﬀerent properties as open-
ing size, mass per unit area, tensile strength, tensile elongation and installation survivability.
They are made of polypropylene resins and some additives to improve certain characteristics
like high temperature processing aids, ultraviolet light stabilizers and long-term durability
additives.
Other associated materials
Diﬀerent elements or methods to further lower the permeability of GCLs can be employed.
A decrease of the hydraulic conductivity can be obtained by placing a geoﬁlm (0.1 mm
thick polymer peel-and-stick waterprooﬁng membrane) with a thickness of 0.10 mm above
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Figure 2.2: Cross sections of common GCL conﬁgurations (Yesiller and Shackelford 2010)
or below the upper geotextile. The same eﬀect can be achieved by polymer treating the cap
geotextile. A ﬁnal possibility to decrease the permeability of GCLs is by polymer modifying
the bentonite particles within their molecular structure or adhere polymers to the outside of
the platelets.
GCL manufacturing
Currently, there are two types of geosynthetic clay liners available depending on the method
of manufacturing: reinforced and non-reinforced. Due to the inherently low shear strength
of hydrated bentonite, GCLs are reinforced mainly when placed on relatively steep slopes.
On the contrary, non-reinforced GCLs are only used on ﬂat surfaces.
Fig. 2.2(a) shows a non-reinforced GCL where the upper and lower geotextile are bonded
with the bentonite by mixing the bentonite with an adhesive. A similar bonding principle is
used for GCL-types with a geomembrane as shown in Fig. 2.2(b). Reinforcement is obtained
by needle punching from a non-woven cap geotextile through the bentonite and opposing
geotextile creating a labyrinth of ﬁbers throughout the material (Fig. 2.2(c)). Under low nor-
mal loads, the long-term strength of the GCL heavily depends on the strength of these needle
ﬁbers. Another possibility to reinforce GCLs is by stitch bonding between two geotextiles
through the sandwiched bentonite as shown in Fig. 2.2(d).
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Figure 2.3: Diagrammatic sketch of the montmorillonite structure (Push et al. 2012)
2.4 Bentonite mineralogy
Mineralogy is the primary factor controlling the size, shape, physical and chemical proper-
ties of the soil particles (Mitchell 1993). This section aims to an enhanced insight in the
fundamental clay mineral structure to better understand the many properties of bentonite.
2.4.1 Structure of clay minerals
Clay minerals are phyllosilicates and can be divided into diﬀerent groups such as kaolin,
illite, chlorite and smectite group. High quality bentonites contain more than 70% smectite
by mass. The basic structure of minerals in the smectite group is characterized by having
one octahedral sheet joined on either side by two silica tetrahedral sheets, thus the term
2:1 layer silicate (Brindley and Brown 1980; Moore and Reynolds 1997; Newman 1987).
Silica tetrahedral sheets are formed by several corner-linked tetrahedra [(SiO4)4−] which are
comprised of silica (Si4+) bonded to four oxygen atoms (O2−). The apical oxygen of every
tetrahedron is also bonded with the octahedral sheet forming a strong bond that preserves
the 2:1 unit layer (Fig. 2.3). In the octahedral sheet four oxygen atoms and two hydroxyl
(OH−) ions surround aluminium (gibbsite-like) or magnesium (brucite-like) (Likos et al.
2010).
As magnesium (Mg2+) is bivalent, electroneutrality is obtained when all of the cation
sites are occupied (3 of 3) and a trioctahedral structure is formed. In case the central
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Figure 2.4: Layer interactions and quasi-crystal formation (Likos et al. 2010)
cation is trivalent (e.g. Al3+) then a dioctahedral structure is formed by occupying only two
thirds of the cation sites (2 of 3). Montmorillonite is an example of a dioctahedral smectite
characterized by a large speciﬁc surface (800 m2/g), cation exchange capacity and capability
for interlayer swelling (Likos et al. 2010).
Montmorillonite particles are formed by thousands of crystallites where one crystallite
is constituted by several tens or hundreds 2:1 unit layers. Adjacent montmorillonite layers
are separated by an interlayer space. This interlayer space together with one unit layer form
the repeated distance referred to as basal spacing. The bulk physical properties of bentonite
such as swelling, sealing and hydraulic conductivity depend on the microstructure of the
montmorillonite. The microstructure is deﬁned by the volume fraction, arrangement and
orientations of the solids and pore spaces. As it can be seen in Fig. 2.4, the diﬀerent layers
in the crystallites can interact in face-face, edge-face and edge-edge associations to form
quasi-crystals (Likos et al. 2010).
2.4.2 Layer charge
Smectite is characterized by isomorphous substitution. During this process, one atom in the
gibbsite sheet or silica sheet is replaced by another atom with similar size without changing
the crystal structure. This results in a net negative layer charge which must be neutralized
by cations residing in the interlayer. Common examples of isomorphous substitution are
the replacement of Al3+ by Mg2+ or Fe2+ in the octahedral layer and Al3+ for Si4+ in
the tetrahedral layer. The total layer charge and the distribution of this layer charge are
an indication of montmorillonite behavior. For instance, lower total layer charge is more
favorable to swelling than higher layer charges. This is due to the electrostatic interactions
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between the exchange cation and the smectite surface: high surface charge leads to more
interaction resulting in lower swelling (Likos et al. 2010).
2.4.3 Exchangeable cations
The net negative layer charge arising from isomorphous substitution is neutralized by ex-
changeable cations which are held in place between the unit layers within the interlayer
space. However, these cations can also be present between particles or crystallites in the
interparticle pore space.
The cations are able to be exchanged with other cations of speciﬁc type and amount from
the solution under more energetically favorable conditions. The cation exchange capacity
(CEC) refers to the quantity of negative charges existing on the clay surface and is therefore
a measure of the total cation adsorption capacity of a soil (Shackelford et al. 2000). The
CEC increases with greater surface charge deﬁciency and higher speciﬁc surface of the clay
mineral in the soil. The CEC is particularly high in the case of montmorillonite ranging
from 80 to 150 meq/100 g (Mitchell 1993). Some examples of cations in naturally occurring
clay minerals are Ca2+, Mg2+, Na+ and K+, usually in that decreasing order of abundance
(Mitchell 1993). The exchangeability of exchange cations is governed by the valence size, ion
size, and the relative abundance of the cations in solutions and on the clay surface. The rate
at which cation exchange occurs depends on the clay type, concentration of cations in the soil
water and temperature. Cations of higher valence and smaller particle size tend to replace
cations of lower valence and larger size. McBride (1994) and Mitchell (1993) provided the
following sequence that is representative of exchange propensity:
Li+ ≤ Na+ ≤ K+ ≤ Rb+ ≤ Cs+ ≤Mg2+ ≤ Ca2+ ≤ Ba2+ ≤ Cu2+ ≤ Al3+ ≤ Fe3+
The most dominant type of exchangeable cation found in the structure of the clay, is a
qualiﬁer for the name of the bentonite. For instance, Na+ is the most dominant exchange-
able cation in sodium bentonite. Therefore, when GCLs containing sodium bentonite are
permeated with a solution that contains Ca2+, the sodium will be exchanged for calcium.
This will result in an increase in hydraulic conductivity. Cation exchange normally occurs
when GCLs are placed in a geochemical environment and should be kept into consideration
during designing (Egloﬀstein 2001).
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2.5 Adsorption and swelling capacity
The primary function of a GCL is to impede the ﬂow of migrating liquids and dissolved
chemical species. This is achieved by its low hydraulic conductivity which typically ranges
between 10−10 m/s and 10−12 m/s. This low hydraulic conductivity is due to the large
surface area, small particle size, swelling potential and capability to adsorb and eﬀectively
immobilize pore water through a variety of short-range and long-range hydration mechanisms
of the smectite particles (Likos et al. 2010).
There are diﬀerent factors that aﬀect the adsorption and swelling behavior of the ben-
tonite. The most important factors are: layer charge (CEC), the location of the layer charge,
exchange cation identity, the clay fabric in its natural state and impurities present (Likos
et al. 2010).
2.5.1 Short-range hydration mechanisms
Smectite particles are capable of important interactions with water. These interactions take
place at the surface area and on the interlayer surface. According to Mitchell (1993) four
short-range interaction mechanisms contribute to the initial hydration of a clay mineral: (1)
hydrogen bonding, (2) dipole-charged surface attraction, (3) Van der Waals attraction and
(4) hydration of exchangeable cations.
1. Hydrogen bonding. Hydrogen bonding deﬁnes the bonding between water dipoles and
oxygens along the surface of the interlayer, coordination under-saturated oxygen at
crystallite edges and most importantly between water molecules. This short-range
hydration mechanism is represented in Fig. 2.5 (left).
2. Dipole-charged surface attraction. Water dipoles become attracted to and oriented
with the clay surface which carries a net negative charge due to isomorphous substi-
tution or imperfections in the crystal lattice (Mitchell 1993). The cations are removed
as far as possible from the surface, that is to the mid-plane between opposing parallel
sheets (Fig. 2.5 (right)).
3. Van der Waals attraction. Van der Waals attractions arise from instantaneous atomic
interactions between the atoms comprising the mineral surface and the atoms in the
pore water or permeating solution.
4. Hydration of exchangeable cations. The hydration of exchangeable cations is the
most important short-range hydration mechanism for montmorillonite: the positively
14
Chapter 2. State of the art
Figure 2.5: Hydrogen bonding (left) and dipole attraction (right) (Mitchell 1993)
Figure 2.6: Hydration shell around cations (www.chem1.com/acad/sci/wat-images/hydrated.gif)
charged exchangeable cations attract water dipoles and a hydration shell surround-
ing the cation is formed (Fig. 2.6). Secondary layers of water can H-bond with the
ﬁrst layer of hydration water. The H-bond energy decreases in strength rapidly with
increasing number of layers. Hence, when two or three layers of hydration shells are
formed, additional water of these shells acts as bulk water. As the exchangeable cations
are restrained by the negative layer charge ﬁeld, the water bonded to these cations is
restrained as well.
The energy associated with cation hydration is a function primarily of the cation size
and valence, where small size, yet low valence provides favorable energetics for hydra-
tion (Bohn et al. 1985). Therefore, ions with small ionic radii have a high charge and
will interact more strongly with water in the interlayer of clays compared to larger
ions with similar valence (Teppen and Miller 2005). The hydrated radius for Ca2+ and
Na+ is equal to 600 pm and 450 pm respectively. Although the size of hydrated Ca2+
is larger compared to Na+, calcium enables a stronger interaction to both surfaces of
adjacent clay layers due to its higher valence. This is one of the main reasons why the
hydraulic conductivity of calcium bentonite is higher compared to sodium bentonite.
Due to these short-range solid-liquid interaction mechanisms, the pore water near the
surface (vicinal water) will be attracted and aligned. It also imparts some order into the
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Table 2.2: Properties of common exchange cations (Likos et al. 2010)
Element Symbol/valence Ionic radius (pm) Hydrated radius (pm) δ radius/valence ratio Number of hydration shells
Lithium Li+ 94 600 506 3+
Sodium Na+ 117 450 333 3+
Potassium K+ 149 300 151 1
Magnesium Mg2+ 72 800 364 2
Calcium Ca2+ 100 600 250 2
molecular arrangement of the vicinal pore water. Therefore, the potential of the water
near the clay surface will be lower compared to the free bulk pore water. This local gradient
drives additional water into the interlayer, but is dependent on the properties of the interlayer
cation. Two phases of swelling can be observed due to this additional water. In the clay
the water is ﬁrst taken up by the hydration of exchangeable cations (crystalline swelling).
This can occur for most cations at low water content. The second phase (osmotic swelling)
results from the large diﬀerence in cation concentration at the surface of the clay layers and
in the pore water. This will occur at higher water contents and is limited to cations where
the δradius to valence ratio is greater than 300 and more than 3 hydration shells occur,
where δradius to valence ratio is the diﬀerence between the hydrated radius and ionic radius
of a certain element. As it can be seen in Table 2.2, only sodium and lithium satisfy these
constraints (Likos et al. 2010).
2.5.2 Crystalline and osmotic swelling
Crystalline swelling
Crystalline swelling is a process whereby 2:1 phyllosilicates sequentially intercalate one, two,
three or four discrete layers of H2O molecules between the mineral interlayers (Norrish 1954).
Initially, the system is completely dry and the montmorillonite layers are located close to
each other. The negatively charged layers are held together by the interlayer cations (Ca2+ or
Na+), located on the surface of the layers or in the hexagonal holes of the tetrahedral sheets,
and Van der Waals attraction. During crystalline swelling the interlayer cations hydrate
upon contact with water. This weakens the electrostatic interaction between the negative
charged layers and the interlayer cations.
The basal spacing transitions from one stable hydrate state to the next in a stepwise way
(Fig. 2.7). The gravimetric water content of pure -Na+-smectite at the one-layer, two-layer
and three-layer hydrate states is approximately 10%, 19% and 22%, respectively (Likos et
al. 2010). The thicker the layers of adsorbed water molecules, the less eﬀective pore space
available for water permeation and the lower the hydraulic conductivity.
Crystalline swelling is the result of the balance between forces of attraction and repulsion
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Figure 2.7: Step-wise interlayer hydration in the crystalline swelling regime (Norrish 1954)
operating between adjacent interlayer surfaces (Kittrick 1969; Norrish 1954; Olphen 1991).
The potential force of attraction is due to the attraction between the exchangeable cations
and the negative clay surfaces. So, the cations act as a link between the net negative surface
layers whereas the hydration energy of the exchangeable cations dominates the net potential
energy of repulsion. The exchangeable cations in the interlayer will attract or release water
of hydration until net potential energies of attraction and repulsion are in equilibrium. Un-
saturated conditions or saturated conditions with high electrolyte concentrations favor the
dominance of net forces of attraction, while fully saturated conditions of low electrolyte con-
centration favor the dominance of net forces of repulsion (Di Emidio and Verastegui-Flores
2004).
The interlayer attractive energy [V · J/m · A] is equal to the following proportionality:
E ≈ σνe
2dε
(2.1)
where:
σ = Surface charge density of the mineral [C/m2],
ν = Interlayer cation valence [V],
e = Elementary charge [1.602·10−19 C],
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d = Half distance between unit layers [A] and
ε = Permittivity of the intervening ﬂuid [C2/Jm].
Eq. 2.1 shows that high surface charge density, high cation valence and small separation
distance produce stronger attractive forces that must be overcome by cation hydration for
the interlayer to separate (Likos et al. 2010).
There is a notable diﬀerence between the swelling behavior of sodium bentonite and
calcium bentonite. In calcium bentonite, crystalline swelling ceases when three or four
molecular water layers are formed. This is due to the relatively large attractive forces
between the divalent cations and both surfaces of adjacent clay layers. The limited interlayer
sorption results in a smaller corresponding bulk volume change, smaller swell index and larger
hydraulic conductivity compared to sodium bentonite. For sodium bentonite, the swelling
will continue after the formation of three or four layers of water during crystalline swelling
since the monovalent exchange cations induce relatively weak interlayer attractive forces.
During the second phase, known as osmotic swelling, additional water is driven into the
interlayer under a gradient in chemical potential. This leads to more complete disassociation
of the mineral interlayers, large macroscopic volume changes, high Atterberg Limit indices,
good self-healing characteristics and a low hydraulic conductivity.
Osmotic swelling
The driving force of osmotic swelling is the large diﬀerence in concentration between the
cations electrostatically held close to the clay surface and the cations in the pore water. Due
to this gradient, the cations try to diﬀuse away from the surface in order to equalize the
concentrations throughout (Fig. 2.8). However, this is restricted by the negative charge ﬁeld
originating from the particle surface. Anions on the other hand, are excluded from these
negative force ﬁelds. As a result, cations are concentrated near the clay surface and decays
with increasing distance (Likos et al. 2010).
The charged clay surface and this ion distribution is commonly described with the Guoy-
Chapman theory of a diﬀuse double layer (DDL). In this model the decay is assumed to be
exponential as it can be seen in Fig. 2.8 (Mitchell 1993; Olphen 1991). The adsorbed layer
close to the clay surface and the distributed charge in the adjacent phase are termed the
diﬀuse double layer.
The thickness (1/K) of the diﬀuse double layer is equal to:
1
K
=
√
ε0DkT
2n0e2υ2
(2.2)
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Figure 2.8: Schematic of the clay-water-ion double layer system (Mitchell 1993)
where:
ε0 =Permittivity of vacuum [8.8542 · 10−12 C2/Jm],
D = Dielectric constant of the pore ﬂuid,
k = Boltzmann constant [1.38 · 10−23 J/K],
T = Absolute temperature [K],
n0 = Bulk pore ﬂuid ion concentration [ions/m3],
e = Electric charge [1.602 · 10−19 C] and
υ = Ion valence [V]
Eq. 2.2 shows the inﬂuence of the diﬀerent variables on the thickness of the diﬀuse double
layer. When the ion concentration or ion valence increases, the thickness will decrease.
Likewise decreasing the temperature or hydrating with a ﬂuid characterized by low dielectric
constant narrows the DDL. Based on these observations, the diﬀuse double layer will collapse
if Na+ is replaced with Ca2+ by a factor of two. A decrease in thickness of the DDL results
in shrinkage, cracking of the clay and particle attraction. This corresponds with an increase
in pore space eﬀective in ﬂow resulting in a high hydraulic conductivity.
Guoy-Champan's theory assumes ions as point charges, whereas in practice they are of
ﬁnite size. Therefore, this theory may lead to an overprediction of the ion concentration
next to the surface. The Guoy-Chapman theory has been modiﬁed to take ﬁnite ion size
into account by Stern's theory. This model assumes that the electric double layer consists
of two regions: a thin layer consisting of water dipoles and ﬁxed hydration cations tightly
adsorbed by the clay surface (Stern layer) and adjacent to the Stern layer, a diﬀuse layer of
hydrated cations. In the Stern layer, the electrical potential decreases linearly with distance
from the surface, whereas in the diﬀuse layer the electrical potential decreases exponentially
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Figure 2.9: Eﬀect of Stern layer on cation concentration (Mitchell 1993)
with increasing distance from the surface (Fig. 2.9). From a particle interaction perspective,
the larger the ion, the thicker the layer required to accommodate the necessary number of
cations. Hence, the greater the interparticle repulsion (Mitchell 1993).
When two charged surfaces approach one another, their diﬀuse double layers can interact.
If the energetics of the two surfaces favor attraction, the double layers will overlap on both
the particle scale (i.e. between adjacent parallel or non-parallel particles in the interpaticle
pore space) and sub-particle scale (i.e. between quasi-crystals, crystallites, and ultimately
unit layers in the interlayer pore scale). The region of overlapping is characterized by a large
concentration of cations because the particles are prevented to diﬀuse to other regions of the
pore ﬂuid. Consequently, an osmotic pressure drives additional water in the interlayer due to
the concentration gradient. This results in disassociation of the unit layers, large bulk volume
change and the formation of a gelled fabric. The diﬀerence in osmotic pressure between the
bulk pore ﬂuid and the ﬂuid between the clay particles is equal to the electrostatic repulsive
pressure between the particles (Barbour et al. 1991).
As it can seen in Fig. 2.10, when free water is in contact with a solute solution through
a semi-permeable membrane, which is permeable to water molecules but not to the solute,
water is driven through the membrane. This is caused by the dissolved solutes which reduce
the potential of the solution in the left-hand reservoir by an amount proportional on the solute
concentration. Equilibrium is then reached when the pressure head in the left reservoir (h0)
balances the osmotic forces tending to cause inﬂow.
This pressure is deﬁned as osmotic pressure, pi, which can be approximated by the van't
Hoﬀ equation if the solute is ideal and dilute:
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Figure 2.10: Generation of osmotic ﬂow and pressure through a semi-permeable membrane (Likos
et al. 2010)
pi = ρsgh0 = RTCs (2.3)
where:
ρs = density of the solution [kg/m3]
g = gravitational acceleration [9.81 m/s2]
h0 = pressure head in the left reservoir [m]
R = universal gas constant [8.314 J/molK]
T = absolute temperature [K]
Cs = molar concentration of the solution [mol]
Therefore in clays, ﬁrstly crystalline swelling occurs and the distance between unit layers
increases. When suﬃcient distance is achieved, the attractive forces are no longer dominant
and the interlayer can be considered a region with high electrolyte concentration compared
to the external bulk solution (Di Emidio 2010). When the concentration of cations in the
interlayer is greater than in the bulk pore ﬂuid, osmotic pressures will arise and water will
be drawn in the zone of high concentration. Consequently, the volume change related to this
process is referred to as osmotic swelling.
2.6 Hydraulic conductivity
Hydraulic conductivity is a parameter that represents the ease with which a ﬂuid can pass
through a material due to a hydraulic gradient. GCLs must ensure low hydraulic conductivity
in the long term to avoid migration of contaminants in the surrounding soil and groundwater.
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Figure 2.11: Change from sodium bentonite to calcium bentonite (Egloﬀstein 2001)
The permeability of GCLs mostly depends on the hydraulic conductivity of the bentonite
except when a geomembrane is present. The hydraulic conductivity is determined by the
cross-section of the ﬂow and the tortuosity of the ﬂow pathways in the clay. Besides the
microstructure, also the size, shape, density and water content are of great importance for
the permeability (Di Emidio 2010).
As montmorillonite is the primary mineral in bentonite, a large number of hydrated
cations and water molecules are adsorbed due to the large speciﬁc surface and large net
negative charge of this mineral. The adsorbed water molecules and cations occupy a large
area of the pore space and are immobile so the bulk water can only ﬂow through a small
fraction of the pore space. Moreover, the pathways formed by this free water have very
irregular shapes. In addition, montmorillonite has a very good swelling ability when hydrated
under low eﬀective stress. These elements result in a very low hydraulic conductivity of
montmorillonite to water (≤10−10 m/s).
However, the hydraulic conductivity of the bentonite can increase signiﬁcantly when
hydrated with other liquids. The diﬀuse double layer can collapse when the solvent has a
lower dielectric constant than water, or the ion valence or the bulk ﬂuid ion concentration
increase resulting in a higher hydraulic conductivity.
The hydraulic conductivity is tested with compatibility tests where the long-term per-
meability is measured using the actual permeation liquid. The following sections give an
overview of the relations and factors which are used to analyse this compatibility.
Ion occupation and ion exchange
There are two main types of bentonite commonly used in GCLs: sodium bentonite and cal-
cium bentonite. Sodium bentonite is preferred since its swelling properties are better com-
pared to calcium bentonite. However, Ca2+ is often the most dominant cation in leachate
(Egloﬀstein 2001). Due to this, Na+ in sodium bentonite will be exchanged by Ca2+ in the
leachate. This causes a collapse of the diﬀuse double layer which reduces the distance be-
tween the montmorillonites platelets (Fig. 2.11). Moreover, the micro structure changes from
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Figure 2.12: Microstructure of (left) sodium bentonite and (right) calcium bentonite (Egloﬀstein
2001)
smaller, ﬁnely dispersed clay mineral ﬂakes to larger clay mineral aggregates (Fig. 2.12). This
results in more available ﬂow-eﬃcient pore space and shorter ﬂow paths around individual
clay particles, increasing the hydraulic conductivity.
Eﬀect of valence and concentration
The increase in ionic strength or concentration of the permeating solution can likely cause
the reduction of the thickness of the diﬀuse double layer (DDL) increasing the hydraulic
conductivity. Shackelford et al. (2000) conﬁrmed this theoretical behavior by conducting
a free swell test on the sodium bentonite of a needle-punched GCL hydrated with three
diﬀerent 0.025 M chloride solutions (LiCl, MgCl2 and AlCl3) and deionized water (Fig. 2.13).
As expected, the swell volume with AlCl3 solution was the smallest because the trivalent
Al3+ resulted in the lowest thickness of the diﬀuse double layer. On the contrary, the swell
volume with LiCl solution was slightly lower than the swell with deionized water because
the 1:1 exchange between Na+ and Li+ will only cause a small diﬀerence in thickness of the
DDL.
Moreover, the eﬀect of concentration has been studied by Jo et al. (2001) through per-
meation of GCLs with diﬀerent electrolyte solutions (Fig. 2.14). Li, Na and K were used as
monovalent cations and Ca, Mg, Zn, Cu as bivalent cations. The hydraulic conductivities of
the samples hydrated with deionized water ranged between 1.5×10−11 and 9.1 ×10−12 m/s
and were used as a reference level. Permeating the samples with divalent cation solutions
with a concentration between 0.005 M and 0.01 M resulted in a hydraulic conductivity simi-
lar to those with deionized water. However, increasing the concentration of divalent cations
from 0.01 M to 0.1 M led to a hydraulic conductivity which was 4 orders of magnitude higher.
On the contrary, permeating the samples with a 0.1 M monovalent cation solution had less
eﬀect on the diﬀuse double layer and resulted in a hydraulic conductivity ranging between
4 × 10−9 m/s (KCl) and 8.3 × 10−10 m/s (LiCl). However, the hydraulic conductivity also
increased 4 orders of magnitude when the concentration of monovalent cations was equal
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Figure 2.13: Free swell for bentonite with DI or 0.025 M chloride solution (LiCl, MgCl2 and AlCl3)
(Shackelford et al. 2000)
to 1 M. Therefore, it can be concluded that the valence is important for solutions with in-
termediate concentration (between 0.01 M and 0.1 M). For large concentrations (1 M) the
concentration is the controlling factor.
Eﬀect of the hydrated ion size
Fig. 2.15 represents the swell volume in function of the hydrated ion size for monovalent and
divalent aqueous solutions with diﬀerent concentrations (Jo et al. 2001). This graph shows
that the swell volume for divalent aqueous solutions with a concentration of 0.025 M and
hydrated ionic size of 0.6 nm was equal to 15 ml. Increasing the hydrated ion size to 0.8 nm
but keeping the concentration of the divalent aqueous solution constant resulted in a swell
volume equal to 14 ml. Therefore, the swell volume was not aﬀected by hydrated ionic size
for divalent aqueous solutions with equal concentration.
On the contrary, for monovalent cations the swell volume increased with increasing size
of hydrated cations. This could be due to the large volume of the interlayer region occupied
from the cations during osmotic swelling. As osmotic swelling only occurs for monovalent
cations, the swell of multivalent cations is not aﬀected by the hydrated ion size.
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Figure 2.14: Inﬂuence of the concentration and ionic strength on the hydraulic conductivity (Jo
et al. 2001)
Figure 2.15: Eﬀect of hydrated ion size on swelling of calcium bentonite (Jo et al. 2001)
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Figure 2.16: Hydraulic conductivity of needle-punched GCL specimen prehydrated with deionized
water (DI) and then permeated with saturated CaCl2 solution and initially permeated with saturated
CaCl2 solution followed by permeation with DI water. (Shackelford et al. 2000)
Eﬀect of prehydration with deionized water
Several investigations proved that hydration of the GCL with water before permeating the
sample with a chemical solution resulted in a lower hydraulic conductivity. This is due to
the good swelling characteristics of bentonite when hydrated with water. The diﬀuse double
layer ﬁlls the bentonite pores before leachates pass through the GCL reducing the hydraulic
conductivity.
Shackelford et al. (2000) compared the hydraulic conductivity of a prehydrated sample
with deionized water and a non-prehydrated sample. Both samples were needle-punched
GCLs. Fig. 2.16 shows that directly permeating the sample with CaCl2 resulted in a high
hydraulic conductivity. The divalent cations (Ca2+) caused a collapse of the DDL increasing
the volume of pore space eﬀective in ﬂow. However, hydration of the sample with deion-
ized water after permeation with CaCl2 could not reverse the collapse of the DDL and the
hydraulic conductivity remained high. Prehydration of the sample with deionized water
decreased the eﬀect on the thickness of the diﬀuse double layer, resulting in a hydraulic
conductivity which was 1.5 orders of magnitude lower compared to direct permeation with
CaCl2.
When GCLs are placed on site as a bottom liner, they are naturally prehydrated by
absorbing the moisture of the underlying soil. Prehydration on site results in a heterogeneous
water content distribution of the sample. However, when samples are prehydrated in the
lab with deionized water a homogeneous water content distribution is obtained. Katsumi
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Figure 2.17: Hydraulic conductivity of non-prehydrated and prehydrated GCLs (Katsumi et al. 2007)
et al. (2007) evaluated the eﬀect of water content distribution of GCLs prehydrated with
actual soils on their hydraulic conductivity in CaCl2 solutions. The hydraulic conductivity of
two prehydrated samples of needle-punched GCLs, one with powder bentonite and one with
granular bentonite, was measured. The inﬂuence of prehydration and the distribution of the
water content on the hydraulic conductivity can be seen in Fig. 2.17. The results show that
the water content of the powdered bentonite was larger and more homogeneous compared to
the granular bentonite. Consequently, the hydraulic conductivity of the granular bentonite
in CaCl2 was unstable and varied between 2.9× 10−11 m/s and 1.5 × 10−8 m/s.
Wet and dry cycles
Several investigations showed that the combination of wet and dry cycles and high electrolyte
solutions can signiﬁcantly increase the hydraulic conductivity of GCLs (Benson and Meer
2009; Bouazza et al. 2007; Egloﬀstein 2001; Lin and Benson 2000). The GCLs desiccate
during dry seasons and rehydrate again during rainy seasons. However, cracks formed during
desiccation might not heal again upon rehydration with high electrolyte solutions due to the
collapse of the DDL. The lower thickness of the DDL reduces the swelling ability of the
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Figure 2.18: Exchange ratio as a function of number of freeze-thaw cycles (left), hydraulic conduc-
tivity of GCLs as a function of freeze-thaw cycles (right) (Makusa et al. 2014)
bentonite leading to an increase in hydraulic conductivity.
Freeze thaw cycles
Another factor that can cause an increase in hydraulic conductivity is freeze-thaw cycling.
When the temperature of the bentonite drops below 0°C, water present in the bentonite will
freeze and ice lenses will form. Consequently, GCLs below the freezing front will desiccate
as water is pulled to the growing ice lenses and cracks can occur. After thawing, these
cracks form potential ﬂow paths which can result in an increase in hydraulic conductivity.
However, several studies have shown that freeze-thaw cycles do not have a signiﬁcant eﬀect
on the hydraulic conductivity of GCLs. This is due to the consolidation of the hydrated
bentonite during thawing, closing the cracks formed by ice lenses (Kraus et al. 1997).
Makusa et al. (2014) investigated the eﬀect of cation exchange concurrent with freeze-
thaw cycling on the hydraulic conductivity of GCLs. The intent was to simulate freeze-thaw
cycling that would occur over a 20 year period with the GCL situated at a depth where one
freeze-thaw cycle occurs annually. First, two sets of six needle-punched GCLs specimens
containing granular sodium bentonite were prehydrated by contact with a saturated silica
ﬂoor subgrade. Then, the samples were subjected to 0,1,3,5, 15 or 20 freeze-thaw cycles and
the hydraulic conductivity to deionized water (DW) or synthetic cover pore water (CW) was
measured. The freezing was initiated at−20°C and subsequent thawing at 23°C . The change
in major bound cation concentrations during freeze-thawing cycles is represented in Fig. 2.18.
The exchange complex ratio is deﬁned as the ratio of the bound cation concentration after
hydraulic conductivity testing to the bound cation concentration of a new GCL.
It is clear that little to no cation exchange occurred in GCLs permeated with DW or CW
during 1, 3 or 5 freeze-thaw cycles as the exchange complex ratio is close to 1. However, at
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15 freeze-thaw cycles cation exchange between Na+ and Ca2+ occurred both for the samples
hydrated with DW and with CW. Additional cation exchange occurred between 15 and 20
cycles.
The hydraulic conductivity to DW and CW for the GCL specimens in function of the
freeze-thaw cycles is shown in Fig. 2.18 (right). The hydraulic conductivity to DW and CW
of the samples exposed to 15 freeze-thaw cycles was equal to 0.7 × 10−11 m/s and 0.8 ×
10−10 m/s respectively. The hydraulic conductivity slightly increased (2.3 times) between 15
and 20 cycles. This small increase is related to the occurrence of cation exchange. However,
both for 15 and 20 freeze-thaw cycles the hydraulic conductivity was lower compared to
the hydraulic conductivity of GCLs never exposed to freeze-thaw cycling permeated with
DW. Hence, it can be concluded that freeze-thaw cycles might not increase the hydraulic
conductivity under conditions where cation exchange occurs.
2.6.1 Swelling ability versus hydraulic conductivity
Swell index versus hydraulic conductivity
The swell index (SI) is an important characteristic for clay materials used in hydraulic
barriers. It gives an indication of the swelling potential of the clay material to water and can
be used to assess the potential chemical incompatibility between bentonite and a permeating
solution.
Jo et al. (2001) showed that there is a linear relationship between the swell index and
hydraulic conductivity. This relationship is represented in Fig. 2.19 where Kc/KDI is the
ratio between the hydraulic conductivity to a salt solution and to deionized water. Sc/Vdb
is the free swell ratio and represents the free swell volume in salt solutions divided by the
volume of 2 g of air-dry bentonite. Kc/KDI is low (between 0.3 and 3) in case the free swell
ratio has a value higher than or equal to 20. This means that the bentonite can have a
hydraulic conductivity which may be as low as permeated with deionized water. However,
when this free swell ratio has a value lower than 20, the hydraulic conductivity ratio strongly
decreases with increasing free swell ratio. These observations correspond to research done
by Katsumi et al. (2008).
Swell pressure versus hydraulic conductivity
Fig. 2.20 shows the relation between swell pressure and concentration of NaCl solution with
respect to the dry densities of a compacted calcium bentonite (Lee et al. 2012). The general
trend is a decreasing swelling pressure with increasing solution concentration. However, for
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Figure 2.19: Relationship between Hydraulic Conductivity Ratio and Free Swell Ratio (Jo et al.
2001)
each dry density tested the swelling pressure at 0.04 M of NaCl solution is higher than in de-
mineralized water. Further tests were performed on these samples, i.e. swell index test and
XRD, and they conﬁrmed a decrease of swell pressure going from de-mineralized water to 0.04
M NaCl solution. The authors suggested that it might be due to the presence of Ca2+ ions
which are exchanged with the Na+ ions in the NaCl solution; the hydration of the exchanged
Na+ ions occurs until the exchange process is saturated, after that the swelling pressure is
controlled by osmotic force which decreases with increasing solution concentration.
Development of hydraulic conductivity with ﬁnal swelling pressure of compacted ben-
tonite tested by Chun-Ming et al. (2013) is plotted in Fig. 2.21. The hydraulic conductivity
decreases with decreasing solution concentration and increasing swelling pressure. The hy-
dration of bentonite with low concentration solutions forms thick quasi-crystals splitting
of bentonite platelets and yields clogging of the macro-pores. For this reason, the liquid
ﬂow path is longer and tortuous leading to a low permeability. However, the ﬁndings of
this research do not support the diﬀuse double layer theory as the bentonite hydrated with
monovalent ions, i.e. Na+, presented lower swelling pressure compared to the one hydrated
with divalent ions, i.e. CaCl2+.
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Figure 2.20: Relationship between Swell Pressure and Concentration of NaCl solution (Lee et al.
2012)
Figure 2.21: Hydraulic conductivity vs ﬁnal swell pressures of compacted GMZ01 bentonite (Chun-
Ming et al. 2013)
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Figure 2.22: Flow patterns through GCLs (Daniel et al. 1997)
2.6.2 Overlapping Geosynthetic Clay Liners
GCLs are unrolled on-site using guided equipment and continuity of the barrier system is
provided by overlapping the edges of adjacent GCL rolls. In some cases, dry powdered ben-
tonite is added in the seam between the panels. For this reason, the hydraulic conductivity
of the overlap is an important measure for the eﬀectiveness of the GCL as containment sys-
tem. However, ﬂuids can permeate GCLs or through the parent material and/or through
the overlap (Fig. 2.22).
There are diﬀerent factors that inﬂuence the eﬃciency of the seams including the GCL
type, the swelling ability of the bentonite, a correct placement, the use of bentonite paste/pow-
der in the overlapping area and the eﬀective stress (Di Emidio 2010). Although the typically
speciﬁed overlap is 150 − 300 mm, it may be insuﬃcient to prevent panel separation of in-
stalled GCLs. As reported by Koerner and Koerner (2005), there are three main causes of
GCL panel separation:
1. GCL shrinkage; perhaps accompanied by cyclic wetting and drying;
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2. longitudinal steep slope tensioning of the GCL;
3. GCL contraction on relatively ﬂat slopes.
It is only since the work of Koerner and Koerner (2005) that the issue of geosynthetic
clay liner (GCL) panel shrinkage and the potential reduction in GCL overlaps when left
exposed beneath a black geomembrane has gained momentum. They documented six cases
where the initial 0.15 m overlaps were lost and a gap ranging between 0.2 m and 1.2 m was
observed between the panels. The GCLs were located on slopes in four of these cases, and on
a relatively ﬂat base in the other two. They were all covered only by a black geomembrane
and left exposed for periods ranging between two months and ﬁve years.
Nowadays, it is recommended that GCLs panels are placed under dry weather conditions
and are covered with soil or a geomembrane shortly after placement. This reduces the
potential of shrinkage of the GCL and the accompanying loss of overlap (Rowe 2014). Several
investigations (Rowe et al. 2011; Thiel et al. 2006) indicated that wet and dry cycles are
the main cause of shrinkage of GCL panels. These cycles cause a decrease of the overlap
between two panels and in some situations gaps between panels can occur (Koerner and
Koerner 2005; Thiel et al. 2006). There are diﬀerent factors that inﬂuence the magnitude
of shrinkage. The highest shrinkage occurs in panels with the greatest variability in mass
distribution. Also, powder bentonite experiences higher shrinkage compared to granular
bentonite. The propensity for shrinkage can be reduced by increasing the amount of needle-
punching (Thiel and Rowe 2010).
Paula and Daniel (1992) investigated for the ﬁrst time the inﬂuence of the overlap width
and vertical eﬀective stress on the hydraulic conductivity. They found that the hydraulic
conductivity was comparable to that of single-panel GCL when the vertical eﬀective stress
was greater than 7 kPa.
A new device, the so called ﬂowbox, was described and evaluated by Daniel et al. (1997)
to measure large-scale conductivity of both intact and overlapped specimens with conﬁning
stresses as high as 140 kPa. The main advantage of this equipment is the possibility to study
environmental issues (e.g. wet and dry cycles) reducing edge eﬀects, which inﬂuence almost
all testing. The GCL ﬂowboxs were designed to:
1. provide larger test areas (600 mm in length and 350 mm in width) than in ﬂexible-wall
permeameters;
2. apply higher conﬁning pressure than used in gravel-ﬁlled tanks;
3. test full-width seam overlaps.
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First, a single needlepunched GCL panel was tested to compare its permeability with
the one obtained by Hewitt and Philip (1999) and La Gatta et al. (1997). The samples
were then subjected to 10 freeze-thaw cycles and the hydraulic conductivity was slightly
higher compared to the one reported by Hewitt and Philip (1999) (1-2 ×10−11 m/s vs 5-6
×10−12 m/s).
Then, two tests were performed on overlapping GCLs. The inﬂuence of dry powder
bentonite and bentonite paste in the overlap was evaluated. The outﬂows in both tests
were larger than expected meaning that the overlap did not seal properly. In particular, the
outﬂow rates reported were 1.8 mL/s in case of dry powder bentonite and 0.5 mL/s with
bentonite paste.
Katsumi et al. (2014) executed a trapdoor test to investigate the behavior of overlapped
GCLs subjected to diﬀerential settlements, under a small overburden pressure. Diﬀerential
settlement causes deformation of the overlapped GCLs and decreases the overlapping length.
Slippage occurred when the settlement was higher than 45 mm. The hydraulic conductivity
of overlapped GCLs subjected to diﬀerential settlements remained low even if slippage of 100
mm occurred and the overburden pressure was reduced. La Gatta et al. (1997) also showed
that the ability of GCLs to withstand diﬀerential settlement is larger than that of CCLs but
less than geomembranes.
The hydraulic barrier performance of overlap section of various GCLs was further investi-
gated by Inui et al. (2016). The hydraulic conductivity was measured only in the overlapped
section, isolating the non-overlapped section with non-permeable rubber. The same test was
performed with 50 mm and 150 mm overlap and an eﬀective stress of 2.6 kPa. The study
provided evidence that the hydraulic conductivity values obtained were in the range from 3
to 10 times higher compared to intact GCLs. It is the authors believe that these diﬀerence
were induced by the ﬂow through the interface between overlapped GCLs.
2.7 Impact of wet and dry cycles on GCLs eﬃciency
An important part of proper construction is to follow GCL manufacturer recommendations
to promptly cover GCLs to avoid excessive thermal exposure. However, ﬁeld evidence showed
the occurrence of desiccation and crack formation in GCLs (Hewitt and Philip 1999; Koerner
and Koerner 2005). These observations are related to GCLs covered with a geomembrane
for a period of time ranging from two months to several years prior to soil covering. In
these cases, the geomembrane will increase in temperature during the daytime due to the
sun. A maximum temperature of about 70°C has been measured on black geomembranes
exposed to the sun (Koerner and Koerner 2005). In the night, the water vapor released
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during drying will condense into droplets hydrating the bentonite or being accumulated at
the toe of the slope. Hoor and Rowe (2013) found that the water content of the GCL, the
liner temperature, the overburden stress, the grain size and water content of the subsoil, and
the depth to aquifer all aﬀect the potential for desiccation. In this study, the shrinkage and
crack formation, swelling ability and hydraulic performance of GCLs is investigated.
2.7.1 GCL shrinkage and cracking
GCLs consist of a thin layer of bentonite sandwiched between two geotextiles. Therefore,
bentonite is the predominant component of these liner systems widely used as a buﬀer to
contain contaminants and prevent leachates from entering the local environment. Cyclic
hydration and drying can have a profound impact on GCL performance. Cracks formed
during desiccation can be particularly extensive in bentonite liners with a large amount of
montmorillonite clay, which is part of the smectite family with a high shrink-swell capacity.
Presence of cracks might modify several characteristics of the medium such as pore structure,
porosity, and permeability, which in turn inﬂuences various ﬂow and transport processes. For
this reason knowledge of the mechanisms related to shrinkage and cracking is helpful to better
understand the hydraulic performance of clay liners.
In recent years, there has been an increasing amount of literature on the GCLs properties
on shrinkage and cracking when subjected to wet and dry cycles. In 2006, Thiel et al.
measured GCL shrinkage under cyclic changes in temperature and hydraulic conditions.
They used samples with a dimension of 350 mm by 600 mm clamped, on the two small ends,
to the beneath aluminum (see Fig. 2.23). The idea was to simulate slope ﬁeld conditions
where GCLs are anchored and daily temperature changes. 40 wet and dry cycles where
performed hydrating the samples for 8 hours at a water content of approximately 65% and
then drying at 60°C for 15 hours. This temperature was chosen to represent the condition
under a black geomembrane. Fig. 2.23 and Fig. 2.24 show a GCL sample before and after
20 cycles and change in percent shrinkage with the cycles, respectively. The percentage
shrinkage is expressed as the ratio between the width at the midpoint and the initial width.
It can be observed from Fig. 2.24 that after drying the shrinkage observed is to some ex-
tent reversible, i.e. is recovered after hydration. In addition, they also assessed the inﬂuence
of water supply during hydration, ﬁnding that when less water was supplied the amount of
shrinkage was reduced in each cycle. Following this study, it was concluded that the labo-
ratory measurements of GCLs subjected to wet and dry cycles were consistent with some
of the ﬁeld observation. For example, the maximum shrinkage obtained in the laboratory
was 23%. Considering a typical panel overlap of 150 cm, the 23% shrinkage leads to a panel
35
2.7 Impact of wet and dry cycles on GCLs eﬃciency
Figure 2.23: GCL sample (left) before test cycles and (right) after 20 cycles (Thiel et al. 2006)
separation of 885 mm. Similar results were indeed found by Koerner and Koerner (2005)
where the maximum panel separation observed in the ﬁeld was 1200 mm.
A similar approach was used by Rowe et al. (2011) but eight diﬀerent products were
examined in this study and diﬀerent amounts of water were supplied to the GCLs. Higher
initial moisture content resulted in higher initial shrinkage and accumulated shrinkage during
the ﬁrst ﬁve cycles. The eﬀect of the initial moisture content is evident in the ﬁrst ﬁve cycles
and diminished with number of cycles. Therefore, the initial water content did not partic-
ularly aﬀect the ﬁnal equilibrium shrinkage. In practice these results can have implications
whether the number of cycles is limited. Diﬀerence in shrinkage was found between powder
and granular bentonite. The former showed a slow accumulation of strain up to 75 cycles,
whereas the latter achieved the equilibrium shrinkage faster.
The formation of desiccation cracks on clay layer from slurry state was investigated by
Tang et al. (2011a,b). For saturated sample they found that the water content evaporation
process is composed if three stages:
1. constant rate: the water loss occurs at a constant rate value and the specimen remains
saturated;
2. falling rate: water loss slows down gradually, initiated by air entry suction;
3. stabilized stage: further desiccation does not result in any more water loss.
During desiccation performed in a temperature controlled room at 25°C, cracks started
to develop as water content decreased. This process was also divided in three stages by the
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Figure 2.24: Change in sample width (expressed as percent shrinkage) vs. cycle number (Note: Only
the ﬁrst 20 cycles are shown for clarity.) (Thiel et al. 2006)
Figure 2.25: Evolution of crack patterns with decreasing water content (Tang et al. 2011b)
authors:
1. formation of primary cracks. Independent cracks initiated from te edges;
2. development of sub-cracks connecting the primary cracks;
3. widening the existing cracks.
An example of crack evolution pattern obtain by Tang et al. (2011b) is illustrated in
Fig. 2.25. From the relationship between degree of saturation and water content, they
found that the specimens were still saturated at the onset of cracking (w% = 40-42%).
Moreover, the volume shrinkage is dominated by vertical deformation only before crack
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Figure 2.26: Schematic drawing of soil crack initiation process. (a) Initial fully saturated soil;
(b) waterair interface meniscus developed between soil particles; (c) capillary suction between soil
particles; (d) tensile stress developed in the upper layer; and (e) surface crack initiated. (Tang et al.
2011b)
initiation. Water evaporation usually starts from the surface of the soil specimen, forming
a water-air meniscus between particles (Fig. 2.26(a-b)). Capillary suction is then developed
with further drying in the upper layer (Fig. 2.26(c)), leading to an increase of the meniscus
curvature combined by an increase of capillary suction and eﬀective stress between clay
particles. As a consequence, the clay layer consolidates and shrinks inducing a tensile force
on the surface (Fig. 2.26(d)).
Once the ultimate tensile strength exceeds the tensile strength of the clay layer, cracking
occurs on the surface (Fig. 2.26(e)) (Tang et al. 2011b). However, as natural soil particle
arrangement is heterogeneous, cracks tend to initiate at surface defects and the shrinkage di-
rection (vertical vs horizontal) behavior is not easy to predict. Tang et al. (2011a) performed
four wet and dry cycles on similar specimens. Wet and dry cycles decreased the specimens
integrity and increased the number of weak zones. Therefore, the specimen tensile strength
was reduced promoting crack formation at higher water content increasing the number of
cycles. Moreover, the specimen fabric changed during wet and dry cycles leading to a more
exfoliated-aggregated structure. Furthermore, the crack pattern changed with the increasing
number of cycles from a regular to an irregular clod shape.
The impact of drying temperature on the cracking pattern was then investigated by Take
et al. (2014). GCL specimens were hydrated for two weeks under 2 kPa vertical stress and
dried at 20°C and 60°C. X-ray analysis showed that the area of intact clods is larger in
the air-dried specimens. In other words, the crack widths decreased with increasing drying
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temperature.
The cracking pattern is also inﬂuenced by the solution concentration in contact with
the bentonite. Therefore, Shokri et al. (2015) investigated the performance of mixtures of
bentonite and NaCl solution, ranging from 3% to 15% (by weight), dried at 35°C. Similar to
Tang et al. (2011b), the three stage water content evaporation and crack formation processes
were found. In addition, results illustrated that the salinity has an impact on crack formation.
Higher salt concentrations were characterized by slower evaporation rate, combined with later
cracking initiation (therefore cracking period) and fewer cracks. The observed behavior was
attributed to the compression of the diﬀuse double layer of the bentonite as consequence of
the contact with the electrolyte solution. In addition, higher salt concentrations resulted in
lower saturation vapor pressure immediately above the evaporating surface, thus reducing
the driving force for evaporation. Consequently, less evaporation occurred in the desiccating
samples with higher salt concentration. The reduction in the evaporation causes less tensile
stress (which is developed in bentonite as a result of desiccation) which consequently results
in fewer cracking.
During the past years, several investigations had been done to study the impact of wet
and dry cycles on bentonite clay and diﬀerent methods were used. Zangl and Likos (2016)
studied the impact of three approaches on crack pattern, cycle duration, uniformity of wa-
ter content and hydraulic conductivity of GCLs. The unconﬁned, axially constrained and
in-permeameter desiccation methods resulted in similar bentonite cell size and crack ar-
eas. The independence from external load and conﬁning conditions suggests that internal
ﬂaws imposed by the ﬁbers, rather than shrinkage restraint imposed by the stress boundary
conditions, control crack initiation and propagation in GCLs. These ﬁndings implies that
relatively simple methods of wet and dry cycles might still provide reasonable results.
2.7.2 GCLs swelling ability
Most of the GCLs, when placed in situ, are exposed to seasonal changes which can have a
huge inﬂuence on their swelling and hydraulic performance. The GCL panels will desiccate
during dry seasons and rehydrate again during rainy seasons. Recent ﬁeld studies have shown
that ﬁne cracks can occur in GCLs due to these wet and dry cycles in the presence of natural
pore waters. Natural pore waters mostly contain divalent cations like Ca2+ andMg2+ which
can exchange with the Na+ of the bentonite. This causes a decrease in swelling which lowers
the eﬃciency of the bentonite to heal the cracks that are formed during desiccation in the
summer months (Bouazza et al. 2007; Egloﬀstein 2001; Lin and Benson 2000). A similar
behavior can be observed when GCLs covers are permeated with other high electrolyte
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Figure 2.27: Amount of Swell at Each Wetting Cycle (Lin and Benson 2000)
solutions, eg. seawater. Lin and Benson (2000) investigated how wet and dry cycles aﬀect
the plasticity and swell of the bentonite and the hydraulic conductivity of the GCLs hydrated
with deionized water, tap water and 0.0125 M CaCl2. The GCLs were needle-punched and
contained loose granular sodium bentonite. The specimens were hydrated for 400 hours under
a seating pressure of 17.5 kPa and were then air-dried untill constant mass was reached. As
seen in Fig. 2.27, the swell of the bentonite was the largest when hydrated with deionized
water, followed by tap water, where the swell did not decrease with each cycle. Hydrating the
bentonite directly with CaCl2 resulted in the lowest amount of swell during the ﬁrst wetting,
and the swell continued to decrease in the subsequent cycles with CaCl2. This observation
is consistent with the double layer theory. First prehydrating the sample with deionized
water, resulted in a small decrease in swelling during the second wetting when CaCl2 was
used (DI−CaCl2). However, the swell was still larger than the swell in the ﬁrst cycle for
the sample initially hydrated with tap water (tap-CaCl2). It can be concluded that direct
permeation with CaCl2 causes the most exchange of the sodium cations for Ca2+ within the
ﬁrst two wetting cycles. Whereas, prehydrating the samples with DI or tap water delays the
collapse of the DDL only temporarily.
These ﬁndings are supported by Bouazza et al. (2007) who investigated the eﬀects of
calcium exchange on the swelling of GCLs subjected to wet and dry cycles. GCL samples
were placed in oedometer consolidation cells and hydrated for 4 days under 20 kPa normal
stress. The GCLs were left to desiccate in the oedometer cells for 15 days. It was previously
tested that under those conditions the sample water contents would reach approximately
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Figure 2.28: Relation of GCL swell to the number of wetting cycles (Bouazza et al. 2007)
30-50%.
For the GCL hydrated with deionized water, the swelling was relatively constant through-
out the cycles. However, the swelling decreased when the GCL was hydrated with CaCl2.
The swell continued to decrease even after the calculated fraction of sodium on the bentonite
had reached zero, indicating full calcium exchange. This was related to the possibility that
equilibrium was not achieved after 4 days of hydration. The authors suggested that as the
liquid penetrated the bentonite, cation exchange occurred ﬁrst on the outer surface of the
specimen. Thus, bentonite in the core of the specimen might be hydrated by a predominately
NaCl solution despite the hydrating solution being CaCl2. In this case, NaCl has less eﬀect
on the swell as the ions are monovalent whereas the calcium ions are divalent.
2.7.3 GCLs hydraulic conductivity
The concomitant contact with an electrolyte solution followed by desiccation of GCLs might
increase their hydraulic conductivity. The loss of eﬃciency of these barrier liners have been
attributed to cracks formed during drying that are not sealed upon rewetting. Although the
bentonite self-healing capacity is well documented, this feature can be impaired if the sealing
process is coupled with compression of the diﬀuse double layer (Bouazza et al. 2007).
Lin and Benson (2000) evaluated the inﬂuence of diﬀerent waters on both swelling ability
and hydraulic conductivity through wet and dry cycles. As seen in Fig.2.29, the hydraulic
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Figure 2.29: Hydraulic Conductivity at Each Wetting Cycle (Lin and Benson 2000)
conductivity of all the samples was low for the ﬁrst three cycles which can be attributed to the
large swelling capacity of bentonite. The swelling healed the cracks formed during desiccation
upon rewetting. The permeability of the CaCl2 and Tap-CaCl2 samples increased rapidly
after three cycles. This indicates that the cracks did not heal anymore during rehydration
and the liquid could pass easily through the formed cracks. First hydrating the sample
with deionized water and then with CaCl2 resulted in a stable hydraulic conductivity during
the ﬁrst six cycles. However, during the seventh cycle the permeability increased two and
half orders of magnitude. Therefore, ﬁrst hydrating the sample with deionized water can
delay but not prevent the detrimental eﬀects of cation exchange. Additionally, an increase
in hydraulic conductivity can occur in fewer cycles if the samples are hydrated with higher
ionic strength pore water which contains divalent or trivalent cations.
In landﬁll cover systems, lateral shrinkage is likely to be restricted by the anchorage to
surrounding soils. To simulate ﬁeld conditions Bouazza et al. (2006) subjected 200 mm ×
200 mm square GCL samples to wet and dry cycles before testing their gas permeability. A
number of GCL samples were hydrated for 18 hours with deionized water, 0.0125 M CaCl2
and 0.125 M CaCl2, and dried for 7 days. The purpose was to achieve a water content between
40-60% which corresponds to the lowest range of moisture contents in excavated GCLs from
landﬁll covers as reported by Egloﬀstein (2001). At this water content, cracks are likely to be
already formed as demonstrated by Tang et al. (2011b). The GCL gas permeability varied
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Figure 2.30: Gas permeability of GCL samples subjected to wet and dry cycles with 0.0125 M CaCl2
(Bouazza et al. 2006)
with type of hydrating liquid, number of wet-dry cycles, and the moisture content at the
time of test. In general, the GCLs hydrated with CaCl2 presented lower moisture contents
than those hydrated with deionized water water, indicating a reduction of water adsorption
capacity after being repeatedly exposed to divalent cations. Fig. 2.30 summarize the main
results obtained by Bouazza et al. (2006) of GCL samples tested with 0.0125 M CaCl2.
Wet and dry cycles with deionized water did not alter the hydraulic performance of the
GCLs, as previously found also by Lin and Benson (2000). A reduction of GCL performance
as a barrier material occurred in presence of 0.0125 M CaCl2. Preferential ﬂow paths de-
veloped as crack patterns did not heal upon rewetting. Although the data indicate better
performance for the GCLs with higher ﬁnal water contents, the gas permeability was 4-6
orders of magnitude higher after wet-dry cycling in all cases (regardless of the ﬁnal water
content) when the CaCl2 solution was used instead of deionized water.
Benson and Meer (2009) subjected samples of a needle-punched GCL containing sodium
bentonite to wet and dry cycles in solutions having diﬀerent relative abundance of monovalent
and divalent cations. The relative abundance is characterized by the RMD of the test
solution which is deﬁned as the ratio of the total molarity of monovalent cations to the
square root of the total molarity of the multivalent cations. An average eﬀective stress
of 20 kPa was applied on the samples to simulate the stress executed by 1 m of soil on
the GCL. During each wetting cycle, the samples were hydrated for 30 days till a constant
water content was observed. Then, the GCLs were air dried till the water content of the
bentonite was between 20% and 30%. No overburden pressure was applied during drying
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Figure 2.31: Hydraulic conductivity of GCLs permeated with solutions having ionic strength = 0.005
and 0.025 M and RMD ranging from 0.007 to 0.7 M0.5 as function of number of wet-dry cycles
(Benson and Meer 2009)
as this does not have a signiﬁcant inﬂuence on the ﬁnal hydraulic conductivity (Benson
and Meer 2009). The hydraulic conductivity of the GCLs permeated with solutions having
an ionic strength between 0.005 M and 0.025 M and a RMD between 0.007 and 0.7 M
in function of the number of wet and dry cycles is presented in Fig. 2.31. The hydraulic
conductivity increased 4 to 5 orders of magnitude when the solution contained a large amount
of multivalent cations (RMD equal to 0.007 M). For solutions with the same ionic strength but
a higher amount of monovalent cations (RMD equal to 0.7 M), the permeability remained low.
Therefore, permeating the samples with solutions containing a large amount of multivalent
cations improves the cation exchange. This results in a less eﬃcient healing of the cracks
during rehydration and a higher hydraulic conductivity. The cation exchange rate and the
amount of wet and dry cycles needed before the hydraulic conductivity changes depend on
the ionic strength of the solution. The lower the ionic strength, the longer it takes before
the permeability increases.
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Hydraulic conductivity of overlapped panels subjected to wet and dry cycles
One potential issue that warrants evaluation is weather overlapped seams between adjacent
GCL panels remain in the long-term.
There are relatively few historical studies on the eﬀect of wet and dry cycles on over-
lapped GCLs. Data from Boardman and Daniel (1996) and Daniel et al. (1997) reported no
signiﬁcant change in the hydraulic conductivity after the ageing process. However, Board-
man and Daniel (1996) presented the results of a large scale test where the overlapped GCL
sample was subjected to one wet and dry cycle with tap water at a temperature ranging
between 27°C and 32°C. When rehydrated, water initially ﬂowed rapidly through the cracks
and then, as the bentonite healed, the hydraulic conductivity decreased.
Daniel et al. (1997) performed freeze-thaw cycles with tap water and after 10 cycles
the permeability was slightly higher than the initial value (1-2 × 10−11 m/s versus 5-6 ×
10−12 m/s respectively).
2.8 Theoretical interpretations
2.8.1 Crack analysis
Many environments deal with wet and dry cycles, aﬀecting the properties of porous media
such as soil, rock, and concrete. These cycles can be responsible for fracturing, which poses
environmental risks such as the release of leachate or gasses in the air and the surrounding
ground.
In the recent years, wet and dry cycles in porous media have gained attention from dif-
ferent research applications. For instance, cover liners might undergo diﬀerential settlement
due to load induced cracking and loss of ﬂuids. In this regards, Mukunoki et al. (2014)
investigated the deformation ﬁeld of compacted clay liners specimens by means of a bending
apparatus combined with X-ray CT. High resolution X-ray Computed Tomography (µCT)
can be used in order to internally observe crack formation of geomaterials (Cnudde and
Boone 2013), as well as the self healing capacity of the material. Since the discovery of a
new type of radiation by Wilhelm Röntgen in 1896, X-rays have been used extensively in
various research ﬁelds. A pertinent feature of this radiation type is its capability to penetrate
material in varying degrees.
X-ray computed tomography (CT) is a method used to obtain information of the internal
structure of an investigated object. It is a non-destructive technique to reconstruct an object
in 3D based on a set of 2D projections. The 2D projections are obtained by placing the object
on a rotating stage in between an X-ray point source and a detector as illustrated in Fig. 2.32.
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Figure 2.32: Sketch of the setup of a scan using a cone beam conﬁguration. The sample is mounted
on a rotating stage between an X-ray source and an X-ray detector. (Van Stappen 2013)
X-rays have wavelengths below 10 nm which is smaller than those of visual light (0.4-0.7 µ
m). Therefore the details which can be observed with them are smaller than those observed
with a microscope.
The spatial resolution of the images is inﬂuenced on the magniﬁcation (ratio of the
distance between source and detector over the distance between source and sample), on the
focal spot size of the X-ray tube, the pixel size of the detector and on physical phenomena
such as X-ray scattering and interaction between the detector pixels. In the ideal case, the
resolution is determined by the pixel size of the detector divided by the magniﬁcation of
the system (Cnudde et al. 2006). Due to the cone beam of the X-ray source, it is possible
to choose the best magniﬁcation of the object by moving it between the source and the
detector. Therefore, the closer to the X-ray source, the higher the magniﬁcation and thus
the higher the spatial resolution (Cnudde et al. 2006). Therefore, small samples will be able
to be scanned with a higher resolution than larger samples.
In addition to those factors, also the resolution of the detector and the energy of the
X-ray source play an important role. The higher the energy from the source, the wider the
focal spot size will be which has a negative eﬀect on the resolution. This is why downscaling
of the sample size is important: this makes it possible to place the sample closer to the
source, and also the energy required to penetrate the sample is less, thus the spot size will
be smaller (Vlassenbroeck 2010).
After the acquisition of the individual radiographs, the 2D projections are reconstructed
into a stack of 2D slices through the object, building up the 3D image. This reconstruction
step, as well as the subsequent image analysis on the images, is carried out using for example
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the in-house developed software tools Octopus Reconstruction (XRE, Vlassenbroeck (2010))
and Octopus Analysis, formerly Morpho+ (Brabant et al. 2011), respectively. With VG
Studio MAX, a software tool of Volume Graphics, the analyzed data could then be visualized
in 3D.
2.8.2 Clay chemico-osmotic behavior and swell pressure background
Clay soils are considered as semipermeable porous media due to the ability to be permeable
to only some components of a solution. Referring to a permeating solution constituted by
a solvent and a single solute, a semipermeable membrane is ideal or perfect if it is able
to prevent completely the passage of the solute. The movement of the permeating solution
through a semipermeable membrane, for example, may be driven by a solute concentration
gradient (chemico-osmosis) or by an electric potential gradient (electroosmosis). These os-
motic properties are related to diﬀerent interactions between the solid skeleton of the clay
and the components of the solution in contact with it. For instance, the passage of molecules
having size grater than the pore size of the clay might be hindered. In other words, if a ben-
tonite layer is interposed between two electrolyte solutions with diﬀerent salt concentrations,
a volumetric ﬂux of water due to chemico-osmosis can be observed. Therefore, the main in-
teraction driving the osmotic phenomena of clays is the electrostatic interaction between
ions in the pore solution and the negative solid skeleton.
The evaluation of bentonite performances requires an adequate theoretical approach able
to model the simultaneous migration of water and solutes, and to account for the defor-
mation of the solid skeleton. There is large interest in modelling the behavior of these
containment systems in order to evaluate their performances in the long term as hydraulic
barriers in landﬁll and soil remediation applications. Recent developments on the analyti-
cal solutions of models, that represent chemico-osmotic properties of clays, are restricted to
simple geometries and limited boundary conditions. Nowadays, they apply to:
1. 1-ion system: MA - M (sodium clays (- M) in contact with NaCl solutions (MA))
(Dominijanni 2005; Dominijanni and Manassero 2012a,b);
2. 2-ions system: BA - B (calcium clays (- B) in contact with CaCl2 solutions (BA))
(Dominijanni 2005; Dominijanni and Manassero 2012a,b);
3. 3-ions system: BA - M (sodium clays (- M) in contact with CaCl2 solutions (BA))(Di
Emidio 2010).
Dominijanni (2005) derived a macroscopic model from transport equations at the microscopic
scale. At the microscopic scale, the transport equations are:
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1. the Poisson-Boltzmann equation for the microscopic distribution of the electric poten-
tial and of the ion concentrations;
2. the Nernst-Planck equations for the ion transport;
3. the modiﬁed Navier-Stokes equation for the volumetric ﬂux.
A new set of equations was proposed by Dominijanni (2005) to take into account the osmotic
phenomenon for the evaluation of solute and solvent ﬂows through porous media under
concentration and pressure gradients.
The model was developed in three steps:
1. First, the thermodynamics of irreversible processes were used to develop phenomenolog-
ical constitutive equations describing the simultaneous ﬂows of solute and solvent, as-
suming unidimensional geometry, inﬁnitesimal strains of the solid skeleton and isother-
mal conditions.
2. Second, the equations of continuity were derived for the coupled movement of solvent
and solute.
3. Finally, the solute ﬂow equation and the solution continuity equation were combined
and solved depending on the speciﬁc boundary value problem.
The ﬁrst step accounted for saturated porous medium, whose voids are ﬁlled by an electrolyte
solution containing an unspeciﬁed number of ions. However, it described how phenomena
occur at the macroscopic scale without explaining why. Therefore, the physical and chemical
mechanisms that occur at the pore scale are not taken into account and macroscopic experi-
mental tests are needed to measure the parameters introduced in the constitutive equations.
For these reasons, Dominijanni's physical approach was then developed using the Con-
tinuum Theory of Mixtures and the Donnan equilibrium of electrolyte solutions in order to
provide an interpretation of the phenomenological parameters. The model equations were
derived from the mass and the momentum balances of all components of the system. The
boundary conditions were evaluated using Donnan equilibrium and the condition of electro-
neutrality within the porous medium, accounting for the presence of a ﬁxed charge of the
solid skeleton.
The physical approach is based on a conceptual picture of the bentonite structure and
Donnan's equations of equilibrium between membranes and electrolyte solutions. In order
to use Donnan's equations, chemical equilibrium was assumed to be established between the
bulk electrolyte solution and the internal pore solution at the macroscopic scale. Through
the Nernst-Planck and Navier-Stokes equations the water and ion transport were described
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Figure 2.33: Microscopic structure of clay soils containing montmorillonite as the main mineralogical
component. The structure can be dispersed (a), if the lamellae of montmorillonite (or clay platelets)
are present as individual units, or aggregated (b), if the lamellae are condensed to form the so-called
tactoids. Symbols: Nl = number of clay platelets per tactoid; b = half-spacing of the conducting
pores; b" = half spacing of the intra-tactoid pores containing immobile water (Dominijanni and
Manassero 2012b)
at the pore scale respectively, whereas the mechanical behavior was modeled taking into
account intergranular contact stresses.
The approaches brieﬂy described above are complementary and they represent a useful
tool for the interpretation of experimental data and the simulation of GCLs performance
under diﬀerent boundary conditions.
In this framework, the modelling of swelling and osmotic performances of bentonite clay
was further studied by Di Emidio (2010) to simulate the actual scenario expected for a 3-ion
system. In addition, Di Emidio (2010) applied the model developed by Dominijanni and
Manassero (2012b) to modifed bentonites (HYPER clay, DPH-GCL and MSB).
Bentonite structure and partition coeﬃcient
Bentonite is a clay soil usually containing about 70% of the three layered (2:1) montmo-
rillonite mineral. Montmorillonite crystals consist of parallel-aligned elementary alumino-
silicate lamellae, which are approximately 10 thick and 1000-2000 in the lateral extent.
The surface charge, σ, is approximately 0.114 C·m−2. The total speciﬁc surface, S, available
for water adsorption is about 760 m2 · g−1, assuming a solid density, ρsk = 2.65 g · cm−3
(Dominijanni and Manassero 2012b). Montmorillonite is characterized by isomorphic sub-
stitution due to the replacement of a portion of trivalent aluminum (Al3+) in the crystalline
structure with a divalent metal, such as magnesium (Mg2+), leading to a negative surface
charge.
Fig. 2.33 represents the microscopic structure of clay soils containing montmorillonite as
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main mineralogical component. The half distance between two montmorillonite lamellae, b,
can be estimated from the void ratio, e, or from the total porosity, n. Depending on the
concentration and valence of the ions in the soil solution, as well as on the eﬀective isotropic
stress history and total void ration (etot), bentonite lamellae, or platelets, can be dispersed
or aggregated. They are dispersed when clay particles are well separated units (Fig. 2.33(a))
and the half spacing in perfectly dispersed clays may be estimated, assuming a uniform
distribution of the clay platelets in a parallel orientation (Dominijanni and Manassero 2012b)
from the relation:
b =
e
ρskS
(2.4)
Whereas clay has an aggregate structure when packets of parallel particles, also called
tactoids, are formed (Fig.2.33(b)). The formation of tactoids leads to a reduction of the
surface area of the montmorillonite and a diﬀuse double layer manifested only on the outside
surfaces of the tactoids (as shown in Fig. 2.33). The formation of tactoids is due to internal
ﬂocculation of the clay particles. The average number of clay platelets or lamellae forming
tactoids, Nl, increases with an increase in the ion concentration and valence of cations in the
soil solution. If the clay has an aggregate structure, only the external surface of the tactoids
is in contact with the mobile solution. Therefore, the void space of conducting pores is equal
to the diﬀerence between the total void space and the void space within the platelets in the
tactoids (e = etot − e′′). Moreover, the water in the tactoids can be considered part of the
solid particles and it is excluded from the transport mechanisms. As a consequence, the
external speciﬁc surface, S ′, and the internal speciﬁc surface, S ′′, are given by:
S ′ =
S
Nl
(2.5)
S ′′ = S − S ′ = (Nl − 1)
Nl
S (2.6)
The void index associated with the internal surfaces of the tactoids, e′′, can be estimated
as follows:
e′′ = b′′ρskS ′′ (2.7)
In presence of aggregate structures of the bentonite, the corrected half spacing, b, can be
given by:
b =
e
ρskS ′
(2.8)
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As a result of aggregate structure, the number of platelets per tactoid increases, the
external speciﬁc surface decreases and the half spacing between the tactoids increases, even
though the total void ratio remains constant and the void ratio referring to the pore volume
available for transport decreases (Boﬀa 2016). The negative electric charge per unit solid
volume, F · c¯sk,0, where F is Faraday's constant (96,485 C · mol−1) and c¯sk,0 is the molar
concentration per unit solid volume of the solid skeleton electric charge, which is assumed
to have unit valance (i.e. zsk=-1). For sake of comparison with the ion concentration of the
pore solution, c¯sk,0 can be divided by the void ratio, e:
c¯sk =
c¯sk,0
e
(2.9)
where c¯sk represents the solid skeleton charge concentration referring to the pore volume
(molm−3).
Dominijanni and Manassero (2012b) have shown that c¯sk,0 is proportional to the eﬀec-
tive speciﬁc surface of the solid particles and decreases when the montmorillonite lamellae
aggregate to form tactoids:
c¯sk =
c¯sk,0
e
=
(1− fStern)σ
F
ρskS
′
e
(2.10)
where fStern = σSternσ = fraction of electric charge compensated by the cations speciﬁcally
adsorbed in the Stern layer (-), F is the Faraday's constant (96,485 Cmol−1), σ is the surface
charge of the single lamella (0.114 C m−2), ρsk is the solid density of the bentonite (assumed
equal to 2.65 g cm−3), and S' is the external speciﬁc surface of the tactoid.
In addition, the solid skeleton charge concentration referring to the pore volume can be
related to the cation exchange capacity (CEC) and the void ratio, e, through the following
equation:
c¯sk =
c¯sk,0
e
= φsk · CEC · ρsk · 1
e
(2.11)
where φsk =
(1−fStern)
S
S ′ = solid skeleton charge coeﬃcient (-). The ﬁxed charge coeﬃ-
cient, φsk = φsk(S, εr, r1, ...), varies from zero to unity and may account implicitly for the
dependency of the FC concentration on the characteristic dimension of the pores through
the speciﬁc surface, S, and on the relative dielectric constant of the solvent, εr. When S→∞
or εr → ∞, the coeﬃcient of the FC tends to 1. However, for real clays with a ﬁnite and
not negligible microscopic characteristic dimension of pores, the reduction of the ion par-
tition ability is taken into account adopting a value of φsk smaller than 1. Moreover, the
parameter φsk accounts for the formation of a Stern layer of immobile cations, speciﬁcally
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adsorbed on the solid surface. The eﬀect of the formation of the Stern layer may be intro-
duced in the macroscopic model by means of an empirical dependency of φsk on the type of
cations present in solution through the radius of the cation species, r1. The formation of a
Stern layer reduces the theoretical FC concentration, so that φsk < 1. Finally, φsk can also
may be used for taking into account the eﬀect of imperfections, i.e. preferential transport
paths having a microscopic dimension higher relative to the intact matrix and producing a
reduction in eﬀectiveness of the membrane in partitioning the ion species.
Equilibrium conditions
The most relevant case of practical interest is when an electrically charged porous medium
is placed in contact with an external bulk solution containing the same ions that are also
present in the pore solution. In these conditions, a thermodynamic equilibrium condition is
reached, after a certain period of time, in which the water chemical potential and the ion
electrochemical potentials between the two solutions are equal. Considering that the salt
solution contains a single salt, it is assumed to be completely dissociated according to the
following stoichiometric reaction:
(Counter − ion)ν1z1(Co− ion)ν2z2 → ν1(Counter − ion)z1 + ν2(Co− ion)z2 (2.12)
consisting of a counter-ion (charge polarity opposite that of the solid skeleton charge) and
a co-ion (same charge polarity as the solid skeleton); (ν1, z1) and (ν2, z2) are the stoichiometric
coeﬃcient and the electrochemical valence of the counter-ion and the co-ion, respectively.
Montmorillonite particles have a negative net electric charge: as a result, the counter-
ions are the cations (positive charged ion molecules) and the co-ions are the anions (negative
charged ion molecules).
The ionic concentrations, ci, in a bulk solution are related to the salt concentration, cs,
as follow:
ci = νics (2.13)
If c1 and c2 represent the concentration of the counter-ion and co-ion, respectively, the
electroneutrality condition in the external solution is given by:
z1c1 + z2c2 = 0 (2.14)
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z1ν1 + z2ν2 = 0 (2.15)
Using the aforementioned equations, the salt concentration of the external solution, cs,
is given by:
cs =
c1
ν1
=
c2
ν2
(2.16)
As a result, the equilibrium condition can be characterized by the following state variables
of the external bulk solution: the absolute temperature, T, the hydraulic pressure (referenced
to the atmospheric pressure), u, and the salt concentration, cs. The corresponding variables
of the pore solution can be evaluated from the following conditions:
T = T¯ (2.17)
µw = µ¯w (2.18)
µeci = µ¯
ec
i i = 1, 2 (2.19)
where T¯ and T are the absolute temperature in the pore solution and in the external
bulk solution, respectively; µ¯w and µw are the water chemical potential in the pore solution
and in the external bulk solution, respectively; µ¯ec1 and µ
ec
1 are the electrochemical potentials
of the i-th ion in the pore solution and in the external bulk solution, respectively.
Transport equations
The coupled transport theory represents the generalization of the classic advective-diﬀusive
theory adopted for modeling the migration of solutes through uncharged porous media. This
theory is generally based on the formalism of the Thermodynamics of Irreversible Processes
(De Groot and Mazur 1962; Katchalsky and Curran 1965; Staverman 1952). The approach
developed by Staverman (1952) is based on the simplifying assumption that the semiper-
meable membrane can be idealized as a discontinuity, or a transition region, between two
bulk solutions having the same temperature. The diﬀerences in the thermodynamic poten-
tials across the membrane, representing the driving forces responsible for the corresponding
ﬂows, are assumed to be small (see Fig. 2.34). In such an approach, all the variables are
referred to the two compartments in contact with the membrane, therefore it is not necessary
to evaluate the phenomena occurring within the membrane. Under these conditions, and in
the absence of chemical reactions, the dissipation function, Φ,deﬁned as the rate of entropy
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Figure 2.34: Reference scheme for the application of the Discontinuous Version of Irreversible Ther-
modynamics (Dominijanni 2005)
production multiplied by absolute temperature, may be expressed as follows (De Groot and
Mazur 1962; Katchalsky and Curran 1965):
Φ =
N+1∑
i
Ji∆µ
ec
i (2.20)
where N + 1 is the number of the components of the mixture, Ji is the molar mass
ﬂux of the i-th component and ∆µec is the electrochemical potential diﬀerence of the i-th
component. The electrochemical potential diﬀerences are intended as the thermodynamic
forces driving the mass ﬂuxes. The ﬁnite diﬀerences are deﬁned as the values in the left
solution minus those in the right solution, as indicated in Fig.2.34. The conventional
assumption of the Thermodynamics of Irreversible Processes is that the processes under
consideration are suﬃciently slow as to make all the ﬂuxes linear functions of all the forces
operating in the system. The resulting system of N+1 equations is given as follows:
Ji =
∑
j
Lij ·∆µeci i = 1, 2...N (2.21)
where Lij are the phenomenological coeﬃcients.
Despite the simpliﬁcation of Staverman (1952) approach that allows to avoid the problem
of modeling transport mechanism through the porous medium, the purpose of diﬀerent ap-
plicative problems analysis is to assess the variation of pressures and concentrations within
the porous medium. Moreover, the variation of state variables and transport parameters
within the porous medium can aﬀect signiﬁcantly the evaluation of volume and mass ﬂuxes
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Figure 2.35: Reference scheme for the application of the Continuous Version of Irreversible Ther-
modynamics (Dominijanni 2005)
through the porous medium. In order to develop a continuous model for a permiselective
porous medium, a pure phenomenological approach may be adopted introducing the concept
of virtual or equivalent solutions (Dominijanni 2005). The phenomenological parameters
have to be measured by a series of tests, in order to cover the range of variation of variables
of interest. However, when the phenomenological model is compared with a mechanistic
model (i.e. a model for which the transport and partition mechanisms are speciﬁed), the
phenomenological parameters can be linked to physical parameters.
In order to extend the Staverman's approach from discontinuous to continuous systems,
maintaining the same simplicity and generality, a porous media is cut in a series of elements
of length dx in the direction of the transport and with a virtual or equivalent bulk solution
interposed between them in thermodynamic equilibrium with the adjacent element of the
porous medium (Fig. 2.35).
For a solution containing a binary electrolyte, the dissipation function is given by:
Φ = Jw∆µw + J1∆µ
ec
1 + J2∆µ
ec
2 (2.22)
where (Jw∆µw), (J1∆µec1 ), (J2∆µ
ec
2 ) are the molar mass ﬂux and the electrochemical
potential diﬀerence of the solvent (water), the counter-ion and the co-ion, respectively. The
electrochemical potential diﬀerence of the solvent has been assumed to be coincident with the
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chemical potential diﬀerence because the solvent molecules do not have an electrical charge.
The chemical potential diﬀerence of the solvent may be related to the hydraulic pressure
diﬀerence, ∆P , and the osmotic pressure diﬀerence, ∆Π, by means of the following relation
(Katchalsky and Curran 1965):
∆µw = V¯w(∆P −∆Π) (2.23)
where V¯w= partial molar volume of the solvent. The electrochemical potential diﬀerences
of the ions are given by:
∆µeci = V¯i∆P + ∆µ
c
i + ziF∆ϕ (2.24)
where V¯w= partial molar volume of the i-th ion, ∆µci = chemical part of the chemical
potential diﬀerence of the i-th ion, F = Faraday constant (9.648 70104 Cmol−1) and ∆ϕ
= electrical potential diﬀerence. Substituting (2.23) and (2.24) into (2.22), the dissipation
function becomes:
Φ = q∆P − JwV¯w∆Π + J1∆µc1 + J2∆µc2 + Ie∆ϕ (2.25)
where q = JwV¯w + J1V¯1 + J2V¯2is the total volumetric ﬂux of the solution (or Darcy's
velocity of the solution) and Ie = F (z1J1 + z2J2) is the electric current density. When the
analysis is devoted to evaluating the migration of an electrolyte solution through a bentonite
barrier, the condition in which no electrical current exists across the soil needs to be taken
into account
Ie = F (z1J1 + z2J2) = 0 (2.26)
This condition is usually relevant for engineered containment applications, in that most
containment systems do not involve the application of an electrical current across the soil
barrier (Malusis and Shackelford 2002). The application of this equations allow the electric
potential gradient to be eliminated from the transport equations, which result to only have
the virtual hydraulic pressure, u, and the virtual ion concentrations, Ci, as variables.
If the electric current is zero the ionic ﬂuxes are related as follows:
J1
ν1
=
J2
ν2
= Js (2.27)
where Js is the molar mass ﬂux of the salt. Therefore, in absence of an electric current
we can write the dissipation function as follow:
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Φ = q∆P − JwV¯w∆Π + Js∆µcs (2.28)
where ∆µcs = ν1∆µ
c
1 + ν2∆µ
c
2 is the chemical part of the chemical potential diﬀerence of
the salt. The osmotic pressure, ∆Π, is related to ∆µcsas follow:
∆Π = c1,ave∆µ
c
1 + c2,ave∆µ
c
2 = cs,ave∆µ
c
s (2.29)
where c1,ave, c2,ave and cs,ave are the average concentrations between the two external
solutions of the counter-ion, the co-ion and the salt, respectively. Since the concentration
diﬀerences between the two external solutions are assumed to be small, the diﬀerence between
the various types of average also should be small. Arithmetic averages will always be used
herein to determine the average concentrations. The average salt concentration is given by:
cs,ave =
c
′
s + c
′′
s
2
(2.30)
where c
′
s and c
′′
s are the salt concentrations in the left and the right cell, respectively.
For dilute solutions, JwV¯w ≈ qand the dissipation function can be written in the following
form:
Φ = q∆P + Jds∆µ
c
s (2.31)
where Jds = Js − qcs,ave represents the diﬀusive part of the salt mass ﬂux.
For dilute solutions, ∆µcs, may be related to the salt concentration diﬀerence, ∆cs, as
follow:
∆µcs = (ν1 + ν2)RT
∆cs
cs,ave
(2.32)
where R is the universal gas constant (8.3145 J/mol K) and T is the absolute temperature.
Using the general ﬂows and forces, the phenomenological equations are:
q = α11∆P + α12∆µ
c
s (2.33)
Jds = α21∆P + α22∆µ
c
s (2.34)
The phenomenological equations given by Equations 2.19, 2.20 describe the transport of
a solution containing a binary electrolyte through a semipermeable membrane. The phe-
nomenological coeﬃcients αij have to be measured by means of appropriate experiments. In
57
2.8 Theoretical interpretations
general, these coeﬃcients may depend on the hydraulic pressure and the salt concentration,
in addition to the physical properties of the membrane, such as the porosity, the pore size
and the membrane charge density. From a purely phenomenological point of view, only
a systematic experimental investigation may characterize a membrane in a complete way,
relating the phenomenological parameters to all varying quantities of the system.
The phenomenological coeﬃcients αij have some special values corresponding to the
limiting behavior of the membrane. If the membrane has no selective ability with respect
to the solute, the coeﬃcient α12 is equal to zero. In this case, the membrane is not semi-
permeable and the ﬂows of solvent and solute are not coupled.
Taking into consideration the advective-diﬀusive transport theory, the phenomenological
coeﬃcients α11and α22 may be related to the parameters usually used in environmental
geotechnics for the special case of non-membrane behavior:
α11 =
kh
γwLh
(2.35)
α22 = nD
∗
s
cs,ave
Lh(ν1 + ν2)RT
when α12 = 0 (2.36)
where n = connected porosity, kh = hydraulic conductivity, γw,= unit weight of the
solution, Lh = thickness of the membrane, D∗s = τmDs,0 = eﬀective salt diﬀusion coeﬃcient,
τm = matrix tortuosity factor and Ds,0 = free-solution salt diﬀusion coeﬃcient. τm represents
the tortuous nature of the actual diﬀusive pathways through the porous medium due to the
geometry of the interconnected pores.
The relation between α11 and kh (2.35) is general and is valid also in the case of membrane
behavior, because the hydraulic conductivity of a semipermeable membrane is deﬁned as ratio
between the volumetric ﬂux and the hydraulic pressure (head) diﬀerence under no-electric
current and no-concentration diﬀerence conditions. On the contrary, the relation between
α22 and D∗s (2.36) is valid only in the case of non-membrane behavior, i.e., in the absence of
osmotic eﬀects.
When the membrane is an `ideal' or `perfect' semipermeable membrane, the salt ﬂux is
completely hindered:
Js = qcs,ave + J
d
s = (α11cs,ave + α12)∆P + (α12cs,ave + α22)∆µ
c
s = 0) (2.37)
Equation 2.37 implies the following conditions:
α12 = −α11cs,ave for non−membrane behavior (2.38)
58
Chapter 2. State of the art
α22 = −α12cs,ave for non−membrane behavior (2.39)
As a result, the volumetric ﬂux, q, is given by:
q = α11(∆P −∆Π) (2.40)
The actual clay membranes are able to restrict the passage of the solute only partially. In
order to characterize completely the transport of the solution through a clay membrane, the
αij coeﬃcients should be measured by means of appropriate experiments. However, some
other phenomenological coeﬃcients, related to the αij coeﬃcients by simple relations, are
more convenient for the experimental measurements.
The volumetric ﬂux (2.33) may be rewritten as follows:
q =
kh
γwLh
(∆P − ω∆Π) (2.41)
where ω is the chemico-osmotic eﬃciency coeﬃcient. The chemico-osmotic eﬃciency
coeﬃcient is also called reﬂection coeﬃcient and is indicated using the Greek letter σ.
The chemico-osmotic eﬃciency coeﬃcient, ω, may be determined from 2.41 using one of
the following experimental conditions:
ω = (
∆P
∆Π
)q=0,Ie=0 (2.42)
ω =
Lhγw
kh
(
q
∆Π
)∆P=0,Ie=0 (2.43)
The osmotic eﬀective salt diﬀusion coeﬃcient is deﬁned by the following experimental
condition:
D∗ω =
Lh
n
(
Js
∆cs
)q=0,Ie=0 (2.44)
With respect to the more conventional case of non-membrane behavior, the deﬁnition
of the diﬀusive coeﬃcient is more ambiguous, because the two boundary conditions q = 0
and ∆P = 0 cannot be satisﬁed at the same time in a semipermeable membrane. Using the
condition α12 = 0 and 2.36, a non-semipermeable membrane is characterized by the following
special values of the parameters ω and D∗w:
ω = 0 D∗ω = D
∗
s (2.45)
An ideal membrane, instead, is characterized by the following special values of the pa-
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rameters ω and D∗w:
ω = 1 D∗ω = 0 (2.46)
So that, the osmotic eﬀective salt diﬀusive coeﬃcient varies with ω.
The chemico-osmotic eﬃciency coeﬃcient, ω, of a clay membrane is a measure of its
eﬀectiveness in causing hydraulic ﬂow under an osmotic gradient and of its ability to prevent
the passage of ions. Such a coeﬃcient is equal to zero (ω= 0) when the membrane is not
semipermeable and assumes a maximum value of unity (ω = 1) when the membrane is ideal
or perfect. The values of ω are frequently assumed to vary from zero to unity, although there
are not thermodynamic restrictions to such a variation such that low negative values also
have been measured.
Physical interpretation of transport parameters
On the basis of the previous description of the micro-structure of bentonite, the pores in the
clay may be considered as capillaries with a slit-like geometry. When such a porous medium is
interposed between two solutions of diﬀerent electrolyte concentrations, the internal surface
of the pore acquires a charge, and electric double layers develop within the pore. Clays are
able to generate a partition of ions due to the negative electric charge of the surfaces of their
particles. At the microscopic scale, such a partition may be modelled by the diﬀuse double
layer (DDL) theory. The DDL theory states that the electric potential distribution within
the pores is governed by the Poisson-Boltzmann equation. Moreover, other mechanisms,
normally not contemplated in the DDL theory, may play a signiﬁcant role in partitioning
ions within clay pores, such as: (i) steric hindrance due to the ﬁnite size of ion molecules;
(ii) dielectric exclusion due to the polarization of matrix/solvent interface; and (iii) the
increase in the solute solvation energy due to possible changes in the properties of solvent
in nanopores. However, apart from the partition mechanism, the actual ion concentrations
in the membrane, ci, may be related to the virtual or equivalent salt concentration, cs, by
means of a simple relation such as:
c¯i = νicsΓi i = 1, 2 (2.47)
where Γi is the partition coeﬃcient of the i-th ion. cs represents the salt concentration
of a virtual or equivalent bulk solution that would be in thermodynamic equilibrium with
an inﬁnitesimal element of the membrane at the generic position x within the membrane
(Di Emidio 2010). As it can be seen from Fig.2.36, at the boundaries (i.e. x = 0 and
x = Lh), the virtual solution coincides with the bulk solutions that are in contact with the
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Figure 2.36: Slit-geometry for an idealized bentonite pore. Symbols : x= longitudinal pore axis,
corresponding to the macroscopic direction of transport; y = transversal pore axis; L = length of the
clay layer; b = half-spacing of the conducting pores; =¯Ψmicro = electric potential due to the double
layer (Dominijanni and Manassero 2012b)
clay membrane. The ion partition coeﬃcients represent the interaction of the ion species
with the charged solid skeleton of the clay membrane. If the ﬁxed charge (FC) is negative,
the anion species are repelled from solid particles and the coeﬃcient Γ2 varies from zero to
unity (i.e. 0 ≤ Γ2 ≤ 1). Whereas, the cation is attracted by the solid particles and the
coeﬃcient Γ2, is larger than unity (i.e. Γ2 ≥ 1).
If the only partition mechanism considered is that associated to electrostatic repulsion
of ions from charged pore walls, the partition coeﬃcients may be related to the macroscopic
electric potential of the membrane, Ψm, as follows:
Γ1 = exp(
ziF
RT
Ψm) (2.48)
where Ψm is also called Donnan potential.
In order to relate the macroscopic electric potential, ψ¯micro, to the physical and chem-
ical properties of the semipermeable porous medium, Teorell (1935, 1937) and (Meyer and
Sievers, 1936a,b) proposed to adopt an electro-neutrality condition, taking into account the
concentration of the FC, csk, uniformly distributed within the porous medium, as follows:
z1c¯1 + z2c2 +$csk = 0 (2.49)
where $ is the sign of the ﬁxed charge (for clays with a negative ﬁxed charge, $ = −1).
Swelling pressure
Recalling the equilibrium conditions deﬁned by Eq. 2.17, Eq. 2.18 and Eq. 2.19, the swelling
pressure, usw, will be derived from the pressure diﬀerence between the pore and the external
solution.
The water chemical potential, µw, and the ion electrochemical potentials, µeci , of the
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external solution can be related to the hydraulic pressure, u, and the salt concentration, cs,
for a dilute solution according to (Dominijanni and Manassero 2012b):
µw = µ
0
w(T ) +
u− Π
cw
(2.50)
µeci = µi + ziFφ = µ
0
i (T ) +RTln(νics) + ziFφ i = 1, 2 (2.51)
where µ0w and µ
0
i are integration constants that only depend on the absolute temperature
T; µi is the chemical potential of the i-th ion, φ is the electric potential, cw is the water molar
concentration; R is the universal gas constant (8.314 J/mol K), Π is the osmotic pressure
deﬁned by:
Π = RT
2∑
i=2
νics (2.52)
These equations are valid also for the pore solution. However, the state variables in the
external bulk solution can be measured easily, whereas it is very diﬃcult to determine the
corresponding variables in the pore solution. Moreover, the relations obtained by linking the
chemical potentials to the state variables of the pore solution are more uncertain, owing to
the interaction with the solid skeleton charge, which alters the ion concentration distribution
near the solid particles.
For these reasons we can use Donnan equations which neglect the microscopic deviations
of the ion concentration from their average values that are induced by the electric potential
distribution within the pores.
If this approximation is accepted, then the water chemical potential, µ¯w, and the ion
electrochemical potentials, µ¯eci , of the pore solution can be expressed as:
µ¯w = µ¯
0
w(T ) +
u¯− Π¯
c¯w
(2.53)
µ¯eci = µ¯i + ziFφ¯ = µ¯
0
i (T ) +RTln(c¯i) + ziFφ¯ i = 1, 2 (2.54)
where µ¯0w and µ¯
0
i are integration constants that depend only on the absolute temperature,
T; c¯w is the molar concentration of the water in the pore solution, which can be taken equal
to the molar concentration of the water in the external bulk solution, µ¯i is the chemical
potential of the ith ion in the pore solution, φ¯ is the electric potential in the pore solution
and the osmotic pressure of the pore solution is given by:
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Π¯ = RT
2∑
i=1
c¯i (2.55)
The hydraulic pressure of the pore solution, u¯, and the ion partition factor, Γi, deﬁned
as the ratio between the ion concentration of the pore solution and the ion concentration of
the external bulk solution, can therefore be expressed on the basis of Eq. 2.18 and Eq. 2.19,
and using equations Eq. 2.50 and Eq. 2.51:
u¯ = u+ (Π¯− Π) (2.56)
Γi =
c¯i
ci
=
c¯i
νics
= exp(−zi F
RT
ψ¯) i = 1, 2 (2.57)
where ψ = φ¯ − φ is the electric potential of the porous medium, which is also called
Donnan's potential.
On the basis of this approach, the hydraulic pressure of the pore solution is diﬀerent from
the hydraulic pressure of the external solution that is in equilibrium with it. The pressure
diﬀerence between the pore solution and the external solution is called the swelling pressure,
usw, and is given by:
usw = Π¯− Π (2.58)
Solving Eq.6.5, Eq. 2.57 and Eq. 2.49 it is possible to calculate four unknown variables:
the hydraulic pressure, u¯, the ion concentrations, c¯i for i = 1,2, and the electric potential, ψ¯.
When the ion electrochemical valences are both unitary (i.e. NaCl, KCl), the partition
coeﬃcient can be written as follow:
Γ1 = Γ
−1
2 (2.59)
Combining Eq. 2.59 and Eq. 2.49:
Γ−12 − Γ2 −
c¯sk,0
ecs
= 0 (2.60)
Γ2 = − c¯sk,0
2ecs
+
√
(
c¯sk,0
2ecs
)2 + 1 (2.61)
and
Γ1 = Γ
−1
2 =
c¯sk,0
2ecs
+
√
(
c¯sk,0
2ecs
)2 + 1 (2.62)
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On the basis of equations Eq. 2.61 and Eq. 2.62, the swelling pressure in presence of
monovalent solutions can be expressed as:
usw = RTcs(Γ1 + Γ2 − 2) (2.63)
usw = 2RTcs[
√
(
c¯sk,0
2ecs
)2 + 1− 1] (2.64)
Chemico-osmotic eﬃciency
As described more in detail by Di Emidio et al. (2010) and Dominijanni (2005), in absence
of electric current (i.e. Ie = 0), the ﬂuxes are given by:
q = −kh,λ
γw
[
dP
dx
− ωλdΠ
dx
] (2.65)
Js = (1− ωλ)qCs − nD∗ω,λ
dCs
dx
(2.66)
where kh,λ = local hydraulic conductivity, ωλ = local chemico-osmotic eﬃciency coef-
ﬁcient and D∗ω,λ = local osmotic diﬀusion coeﬃcient (Dominijanni 2005). The local phe-
nomenological parameters are given by the following expressions:
kh,λ
γw
=
ndh
1 + dhRT
(Γ2Γ1)2ν1ν2Cs
ν1Γ2D∗2+ν2Γ1D
∗
1
(2.67)
ωλ = 1− ν1D
∗
2 + ν2D
∗
1
ν1Γ2D∗2 + ν2Γ1D
∗
1
Γ1Γ2 (2.68)
D∗ω,λ = (1− ωλ)D∗s (2.69)
From Eq.2.67, the local hydraulic conductivity at zero electric current, kh,λ, is depen-
dent on the concentration of the ﬁxed charge and the ions in solution. Nevertheless, this
dependency is generally negligible and, as a ﬁrst approximation, may be assumed as follow:
kh,λ ∼= ndhγw = kh = Lhγw( q
∆P
)∆Π=0,Ie=0 (2.70)
Malusis et al. (2001) developed a new testing apparatus to determine ω and D∗ω. This
apparatus is able to impose the condition of no-volumetric ﬂux (q = 0) through a soil sample
in contact with two external solutions, maintained at constant salt concentrations, so that
the global or averaged values of the coeﬃcients can be measured. The global parameters,
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measured by means of experiments, are related to the local parameters as follows:
ω = (
∆P
∆Π
)q=0,Ie=0 =
1
∆Cs
∫ C′′s
C′s
ωλdCs (2.71)
D∗ω =
Lh
n
(
Js
∆Cs
)q=0,Ie=0 =
1
∆Cs
∫ C′′s
C′s
D∗ωdCs (2.72)
where ∆P = Pt − Pb and ∆Π = Πt −Πb represent the diﬀerences between the hydraulic
pressure and the osmotic pressure at the top and the bottom of the clay sample.
Based on these equations, the measured values of the chemico-osmotic eﬃciency coef-
ﬁcient depend on the salt concentration in the two reservoirs that are in contact with the
sample, rather than on the simple average concentration. In addition, from 2.45 it is possible
to observe the relationship between D∗s and ω.
The average global values, ωg, can be determined by the following equation (Dominijanni
and Manassero 2012b) if in contact with monovalent ions (e.g. KCl, NaCl):
ωg = 1 +
c¯sk,0
2∆cse
[Z2 − Z1 − (2t1 − 1)ln(Z2 + 2t1 − 1
Z1 + 2t1 − 1)] (2.73)
where D1 is the macroscopic diﬀusion of the i-th ion, ct and cb are the salt concentrations
at the top and the bottom boundaries of the clay samples (∆ Cs = ct - cb).
t1 =
D1,0
D1,0 +D2,0
= cation transport number (2.74)
Z1 =
√
1 + (
2cte
c¯sk,0
)2 (2.75)
Z2 =
√
1 + (
2cbe
c¯sk,0
)2 (2.76)
The analysis has been restricted to clays with only one cation and one anion in the pore
solution (2-ion system). However, a generalization can made to account for a 3-ion system.
Mathematical solution for a 3-ion system
The mathematical model is considered to be an open system consisting of a solute and solvent
ﬂowing in the pores of a soil, in which the following assumptions are made:
1. one-dimensional ﬂow;
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2. solid skeleton incompressibility;
3. isothermal conditions;
4. no electric currents;
5. electroneutrality condition;
6. suﬃciently diluted solution so that ideal solution relationships are valid;
7. applicability of the postulates of irreversible thermodynamics.
In addition to that, in order to account for a 3-ion system the following assumptions are
added:
1. one-dimensional ﬂow only due to the compressibility of the ﬂuid (a closed system is
considered);
2. solvent compressibility.
As boundary conditions we assume the validity of the Donnan's Equations.
Recalling the concept of virtual solution as the solution that, at any point x within
the porous medium, is in thermodynamic equilibrium with the real solution (external bulk
solutions). Therefore, in correspondence of the boundaries (x = 0 and x = L), the virtual
solution coincides with the real external solution in contact with the porous medium. As a
result, at the boundaries the pressure and the ion concentration are continuous with respect
to the external bulk solutions. The relations that allow for the change of variables are
similar to the boundary conditions, with the important diﬀerence that are valid not only at
the boundaries, but at any point x within the porous medium.
To solve the transport equations, the following boundary conditions have to be imposed
(Donnan's equation):
c¯i = c
′
iexp(−zi
F
RT
Ψ
′
m) i = 1, 2, ...N (2.77)
P¯tot = P
′ −RT
N∑
i=1
c
′
i +RT
N∑
i=1
C¯
′
i (2.78)
Where Ψ
′
m is the macroscopic electric potential of the charged porous medium, or Don-
nan's potential, and P' is the external hydraulic pressure. In these equations all the variables
(pressures and concentrations) are referred to the generic boundary ('). The Donnan's po-
tential is given by:
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Ψ
′
m = Φ
′ − ϕ′ (2.79)
In other words, the Donnan's potential is the diﬀerence between the diﬀerence between
the electric potential within the pores, Φ
′
, and the electric potential in the external bulk
solution, ϕ
′
.
The Donnan's potential may be evaluated with the help of the electro-neutrality condi-
tions in the external bulk solution and within the pores of the medium using the electroneu-
trality condition.
Knowing the values of the pressure and of the ion concentrations in the bulk solutions in
contact with the porous medium, Eq. 2.77 and Eq. 2.78 allow for the determination of the
boundaries conditions for the transport equations (Dominijanni 2005) .
Under perfect ﬂushing conditions, the chemico-osmotic eﬃciency coeﬃcient is deﬁned as
follow:
ω =
∆P
∆Π
(2.80)
Where δP is the measured pressure diﬀerence induced across the membrane as a result
of prohibiting chemico-osmotic ﬂux of solution (closed system), and ∆Π is the theoretical
chemico-osmotic pressure diﬀerence across an ideal membrane subjected to an applied diﬀer-
ence in solute concentration. The value for ∆Π is calculated based on the salt concentrations
at the specimen boundaries in accordance with the Van 't Hoﬀ expression as follows:
∆Π = RT
N∑
i=1
c¯i (2.81)
that for a source concentration c0 of a CaCl2 solutions becomes:
∆Π = RT (c¯Ca2+ + 2c¯Cl−) = 3RTc0 (2.82)
In order to obtain the chemico-osmotic eﬃciency, ω(t), in function of time:
ω(t) =
∑
dP (t)
∆Π
(2.83)
Di Emidio (2010) solved this equation by the ﬁnite diﬀerence method obtaining:
dP = dP¯ − dΠ¯ + dΠ (2.84)
and
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dΠ = RTdci (2.85)
The ﬂuid compressibility is another important parameter to take into account as it aﬀects
the mobility rate of the diﬀerential pressure in time.
In thermodynamics and ﬂuid mechanics, compressibility is a measure of the relative
volume change of a ﬂuid as a response to a pressure change. The compressibility law can be
expressed as:
1
Kw
= − 1
V
∂V
∂P
(2.86)
Where Kw is the bulk modulus of water, V is the ﬂuid volume and P is the pressure.
In case of incompressible ﬂuids, no water ﬂow is allowed through the soil. On the other
hand, considering the compressibility of the ﬂuid, a small volumetric ﬂow, q, diﬀerent than
zero is allowed.
Considering the volumetric ﬂow, the entering volumetric ﬂow from the reservoir with
lower concentration, is assumed to be equal to the exiting volumetric ﬂow in the reservoir
with higher concentration.
Solving Eq. 2.86 introducing the volumetric ﬂow, it is possible to express the ﬂow in the
two reservoirs in function of the ion concentrations.
Finally, the pressure diﬀerence change with time, ∆P (t), can be calculated as follow:
∆P (t) =
∑
(PA(t)− PB(t)) (2.87)
Where PA and PB are the pressures in the reservoir with higher and lower concentration,
respectively. Though Eq. 2.87 it is possible to evaluate the chemico-osmotic eﬃciency in
time:
ω(t) =
∆P (t)
∆Π
(2.88)
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Hydraulic conductivity of modiﬁed
bentonites: a review
3.1 Introduction
GCLs are very interesting as barriers for landﬁll liners and cover systems due to their high
swelling ability which results in low hydraulic conductivity. However, several investigations
showed that electrolyte solutions and leachate can impede the osmotic swelling of the ben-
tonite and cause an increase in hydraulic conductivity (Jo et al. 2001; Katsumi et al. 2008).
For instance, multivalent cations (e.g., Ca2+ and Mg2+) can gradually replace monovalent
cations (e.g., Na+ and K+), originally dominating the exchange sites of the bentonite. Sev-
eral laboratory studies focused on the hydraulic conductivity of bentonites in contact with
various permeant liquids (Hosney and Rowe 2014; Jo et al. 2005; Katsumi et al. 2008; Meer
and Benson 2007; Shackelford et al. 2000; Tian et al. 2016). To determine the eﬀect of cation
exchange, Meer and Benson (2007) performed hydraulic conductivity tests on exhumed con-
ventional GCLs demonstrating the detrimental eﬀect of permeation with electrolyte solutions
on the hydraulic performance. Laboratory studies conducted by Tian et al. (2016) conﬁrmed
the harmful eﬀect of leachate on the performance of conventional GCLs and reported an in-
crease of hydraulic conductivity by approximately a factor of 10 during the initial 40 pore
volume of ﬂows.
In this framework, diﬀerent types of modiﬁed bentonites have been developed in order to
improve their chemical resistance in various applications and in presence of aggressive envi-
ronments. The purpose of this chapter is to provide an overview of the production procedure
and hydraulic performance of the recently developed chemically modiﬁed bentonites.
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3.2 Modiﬁed bentonites
3.2.1 Organoclays
Organoclays (OB) are clays manufactured by exchanging some of the naturally occurring
sodium or calcium ions on the internal or external surface of the clay crystalline structure
with organic cations. Organoclays are very promising to minimize the ﬂux of organic pollu-
tion through GCLs. Their sorption capacity is four to ﬁve times larger compared to untreated
clays (Lorenzetti et al. 2005). Lo et al. (1997) found that using quaternary ammonium com-
pounds as organic cations reduces the leakage rate and retards the contaminant movement.
However, modifying GCLs with organics can result in an increase in hydraulic conductivity
in the long term (Lorenzetti et al. 2005).
Lorenzetti et al. (2005) investigated the hydraulic conductivity and eﬀective diﬀusion
coeﬃcient for GCLs modiﬁed with varied percentage of OB. The organoclays were previously
treated with two amendments: benzytriethylammonium-bentonite (BTEA-bentonite) and
hexacyltrimethylammonium-bentonite (HDTMA-bentonite). The bentonite in the GCLs was
replaced by OB in 10% increments (10% to 90% for the BTEA-bentonite and 10% to 80%
for the HDTMA-bentonite). Test results indicated an increase in hydraulic conductivity to
0.002 N CaSO4 with increasing OB content. An increase of about three orders of magnitude
was recorded for OB contents above 20% likely related to the hydrophobic behavior of the
OB and resulting reduced swelling potential. Accordingly, the swelling ratio decreased to
unity with increasing OB amount.
3.2.2 Trisoplast
A possible alternative to the conventional CCL is a trisoplast layer with a thickness of
10 cm. Trisoplast is the trade name of a well-deﬁned mixture of sand (≤ 89.4% by dry
weight), bentonite (≥ 10.7% by dry weight) and a special polymer (≥ dry 0.2% by weight).
The synthetic additive has a high molecular weight, and it is hydrophilic and gel-forming.
Addition of this polymer results in a strong retardation of all water transport and gives rise
to some internal cohesion in the sand-bentonite mixture. This well-deﬁned mixture is much
less susceptible to desiccation and root penetration compared to traditional CCL. Moreover,
its hydraulic conductivity is also one order of magnitude lower than that of CCL (Simon and
Muller 2005).
70
Chapter 3. Hydraulic conductivity of modiﬁed bentonites: a review
3.2.3 Multi swellable bentonite
Low hydraulic conductivity of barrier liners is attributed to osmotic swelling. Therefore,
the exchangeable cations in the interlayers play an important role in the swelling ability of
bentonite. If the exchange sites are occupied by multivalent cations, i.e. Ca-montmorillonite,
water intercalation is limited and the interlayers decrease due to the attraction of the mul-
tivalent cations to the crystal interlayers (McBride 1994). In addition, the osmotic swelling
might be inhibited by high concentrated solutions (Katsumi et al. 2007; Kolstad et al. 2004;
Petrov and Rowe 1997; Shackelford et al. 2000).
In this framework, propylene carbonate (PC) can be utilized as a swelling activation
material to natural bentonite. Multi-swellable bentonite (MSB) is an amended bentonite
produced by Hojun Corporation, Gunma, Japan. The bentonite treatment was developed
by Kondo (1996) and the preparation procedure is outlined in Onikata et al. (1999). The
principle is to modify sodium bentonite by adding Propylene Carbonate (PC), an organic
compound, in order to activate the osmotic swelling capacity of the clay. Propylene Car-
bonate is an aprotic polar organic solvent, which means it has a hydrogen atom bound to
an oxygen. This feature allows PC to donate protons (H+) to reagents displaying hydrogen
bonding.
MSB is prepared by dissolving PC in water and then adding sodium bentonite. The
slurry is then dried and pulverized to obtain a powder. Through this treatment the propylene
carbonate is placed in the interlayer of the smectite and attracts numerous water molecules.
This enhances swelling ability even in presence of permeant containing polyvalent cations or
a high concentration of monovalent cations.
Fig. 3.1 compares the results of an untreated sodium bentonite with MSB containing
45% PC mixed with varying concentration of NaCl (from 0.1 to 2 M NaCl). The treatment
improved the basal distance, d(001)-values, up to 1 M NaCl. In particular, the spacing of
MSB with 0.75 M NaCl was 45, whereas the spacing of untreated bentonite decreased to 20
already with 0.3 M NaCl. Therefore, the range of osmotic swelling of MSB in electrolyte
solution can be as high as 0.75 M, which is much higher than the concentration of natural
seawater (SW). Onikata et al. (1999) suggested that the PC molecules are bound to the
interlayer cations through water molecules. These molecules are strongly bound to the
interlayer cations so that heating at 105°C cannot remove the water molecules.
3.2.4 Dense-Prehydrated GCL (DPH-GCL)
DPH-GCLs have been developed in the mid-90s and they are currently available in the
market (Flynn and Carter 1998). They combine the beneﬁcial aspects of prehydration and
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Figure 3.1: The d(001)-values of Na-rich montmorillonite in diﬀerent concentrations of NaCl aque-
ous solutions with (closed points) and without (open points) PC (Onikata et al. 1999)
densiﬁcation on the hydraulic conductivity of sodium bentonite. The compression of the
interlayer is prevented in the short term by prehydrating bentonite with a dilute solution
(Shackelford et al. 2000). In this way, water molecules hydrate the clay surface during the
crystalline swelling and then they are attracted to the interlayer and osmotic swelling occurs.
As a consequence, most of the interlayer water is bound to the clay and it does not take part
to hydraulic ﬂow (McBride 1994). Therefore, the hydraulic conductivity of the bentonite is
reduced.
DPH-GCL is a factory prehydrated-consolidated sodium bentonite sandwiched between
two geotextiles. First, a dilute polymeric solution is prepared by mixing carboxymethyl
cellulose (CMC), sodium polyacrylate (Na-PAAS) and methanol. Then, sodium bentonite is
added to the liquid in a high shear mixer. The obtained paste is calendered under vacuum
into bentonite sheet with low void ratio (e = 1.5). At the end, the bentonite sheet is placed
between one high strength woven polypropylene geotextile and a perforated polyester scrim
geotextile.
As described in Flynn and Carter (1998), the modiﬁed bentonite is made more workable
thanks to the addition of methanol. Na-PAAS is used to avoid ion exchange as it replaces
the sodium cations coated to the clay, whereas CMC works as anti fungicidal, lubricant
and improves the ﬂexibility of the material. The barrier eﬃciency is then improved against
electrolyte solution.
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The main feature of DPH GCL is the vacuum calendering (or extrusion) step. During
extrusion a pressure is applied to increase the density of the product by eliminating voids.
This, together with the vacuum step which has removed air has the eﬀect of compressing
the material to a high density. The molecules are moved slightly closer together promoting
the formation of a complex from the intercalated polyacrylate (Flynn and Carter 1998).
3.2.5 Bentonite-polymer composite (BPN)
Bentonite-polymer composite is also known as bentonite-polymer nanocomposite (BPN)
(Bohnhoﬀ and Shackelford 2013; Scalia IV and Benson 2011) and it is commercially dis-
tributed by Colloid Environmental Technologies Company (CETCO) of Hoﬀman Estates,
Illinois.
BPN is produced by dissolving polyacrylic acid in water followed by neutralization with
sodium hydroxide (NaOH) and addition of a thermal initiator, sodium persulfate (Na2S2O8).
Then, sodium bentonite is added to the monomer solution, in concentration ranging from
30% up to 50% by mass of the slurry. The polymer content was determined by Scalia IV and
Benson (2016) through loss-on-ignition test and it resulted to be equal to 28.5% of polymer
by weight.
Polymerization is commenced by raising the temperature of the bentonite-monomer slurry
above the decomposition temperature of the initiator molecule, leading to molecules decom-
positions into free radicals. The free radicals react with the acrylic acid monomer to form
more free radicals, which in turn react with additional monomer to proliferate the polymer
chain. Following polymerization, the solution is oven dried at 105°C and the resulting BPN
is ground and screened to the desired gradation.
Polyacrylate contributes to the total CEC of BPN (142.6 cmol+/kg), which is much
larger compared to a conventional bentonite (78 cmol+/kg) (Scalia IV and Benson 2016).
The interlayer (d001) spacing of BPN and base bentonite was determined by X-ray diﬀraction
and exhibited identical interlayer spacing, indicating that the polymer was not intercalated
in the interlayer of oven-dried montmorillonite within BPN (Scalia IV and Benson 2016).
For this reason, the authors suggested that BPN is diﬀerent from the intercalated modiﬁed
bentonites (i.e. MSB and HYPER clay).
3.2.6 HYPER clay
HYPER clay technology has been developed by Di Emidio (2010). The principle of HYPER
clay is to combine powdered bentonite with an anionic polymer (sodium carboxymethyl
cellulose, Na-CMC). The treatment consists of dissolving the polymer in water and then
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Figure 3.2: Increase of the basal spacing of HYPER clay with increasing polymer dosage (Di Emidio
2010)
adding the base clay. The material is mixed with a mechanical stirrer for 30 minutes to
increase the surface area available for polymer adsorption. This slurry is then oven dried at
105°C for 16 hours to irreversibly adsorb the polymer. The HYPER clay is then ground ﬁrst
manually, using a mortar and pestle, and then mechanically using a Retsch Mortar Grinder
RM 200.
Di Emidio (2010) demonstrated through X-ray diﬀraction that the polymer has interca-
lated in the interlayer region between platelets and that the interplatelets spacing increases
with increasing polymer dosage (Fig. 3.2). These results suggest the permanence of the
polymer in the interlayer region after addition. Moreover, long-term hydraulic conductivity
tests showed the enhanced performance of HYPER clay compared to untreated bentonite
(De Camillis et al. 2016b; Di Emidio 2010; Di Emidio et al. 2015).
3.3 Hydraulic conductivity
Many recent studies have focused on the evaluation of the hydraulic performance of mod-
iﬁed bentonites. A summary of the main studies carried out in the last years is listed in
Table 3.1 and plotted in Fig. 3.3. As it can be seen in Fig. 3.3, in general modiﬁed bentonites
presented lower hydraulic conductivity compared to untreated bentonite. The permeabilities
of untreated bentonite and modiﬁed bentonites were comparable in deionized water, as also
the DDL of untreated bentonite is maintained open promoting a disperse structure. The
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Figure 3.3: Hydraulic conductivity of modiﬁed bentonites with diﬀerent test conditions
eﬀect of the amendments is more evident at high concentrated solutions.
For sake of comparison, as experimental tests were performed with diﬀerent conditions
(i.e., eﬀective stress, porosity, prehydration), Fig. 3.4 compares the results of MSB, DPH
GCL, BPN and HYPER clay tested by means of hydraulic conductivity tests with 15 kPa
as eﬀective stress.
Katsumi et al. (2008) performed free swell tests and hydraulic conductivity tests on
both natural bentonite (NB) and multiswellable bentonite (MSB) in NaCl and CaCl2. Test
results highlighted an improved swelling capacity of MSB compared to NB, even in high
concentrated solution (Fig. 3.5 (left)). The hydraulic conductivity was low for both, NB
and MSN, to deionized water. The hydraulic improvement of MSB was more evident with
NaCl solutions. While NB increased its permeability with increasing NaCl concentrations,
MSB maintained low permeability (k = 1 × 10−11 m/s) up to a molar concentration of 1 M
(Fig. 3.5 (right)).
Comparing Fig. 3.1 and Fig. 3.5, it is possible to notice the relation between basal spac-
ing, swell index and hydraulic conductivity of MSB. The expansion of the basal spacing is
consistent with the swelling ability. The basal spacing of MSB is maintained open for NaCl
concentrations less than 1 M suggesting the beneﬁcial impact of PC. Indeed, PC likely forms
a hydration shell through intermolecular hydrogen bounds between the outer limits of the
hydration shells of the exchange cations. However, permeation with higher concentration,
i.e. 2 M NaCl, led to similar hydraulic conductivity than natural bentonite.
Similar conclusions were obtained by Malusis and McKeehan (2013), where they evalu-
ated the chemical compatibility of model soil-bentonite backﬁlls containing MSB relative to
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Figure 3.4: Hydraulic conductivity of modiﬁed bentonites tested with 14 kPa eﬀective stress
Figure 3.5: Free swell of powdered bentonite materials with DI water, a NaCl solution, and a CaCl2
solution (left). Hydraulic conductivity of natural bentonite (NB) and MSB permeated with a NaCl
solution (right). (Katsumi et al. 2008)
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that of untreated sodium bentonite. Mixture containing MSB exhibited the smallest increase
in permeability in CaCl2 solution ranging from 0.01 M to 1 M.
In view of applications in coastal areas, the hydraulic performance of MSB in seawater was
evaluated by Mazzieri and Pasqualini (2006).The results pointed out that MSB preserves low
permeability when directly permeated with seawater, whereas prehydration slightly worsened
the performance. Swell index of MSB with seawater was 21 mg/2g (versus 10 mg/2g of
untreated bentonite), suggesting a lower hydraulic conductivity of this material. This result
was then conﬁrmed by the hydraulic conductivity test which showed a k = 4 - 5 × 10−11 m/s
for MSB. The water content of MSB resulted to be 35% higher than the one of untreated
bentonite at the end of the test, implying a beneﬁcial impact of the PC treatment. Thus,
the presence of PC enables to bind more water, resulting in thicker hydration layers around
solid surfaces and in the interlayer space of montmorillonite particles. Combining the results
of X-ray, swell index and hydraulic conductivity tests from Onikata et al. 1999 and Mazzieri
and Pasqualini 2006, MSB in presence of seawater likely undergoes still osmotic swelling
whereas untreated bentonite is limited to crystalline swelling. Later on, Mazzieri et al.
(2010) performed a combined chemico-osmotic/diﬀusion test on a MSB using 5 mM CaCl2
solution. The sample reached an osmotic eﬃciency peak value of 0.172 that gradually shifted
to zero upon breakthrough of calcium ions. The same MSB sample was then permeated with
5 mM CaCl2 solution and the hydraulic conductivity increased from 1.1 × 10−11 m/s to 7 ×
10−11 m/s, probably due to the release of the amendment.
Several investigations on DPH GCL have been conducted to assess the hydraulic perfor-
mance of this material (Di Emidio 2010; Katsumi et al. 2008; Kolstad et al. 2004; Mazzieri
and Di Emidio 2015; Mazzieri and Pasqualini 2008). The existing literature focused on the
hydraulic conductivity of DPH GCL with diﬀerent solutions (NaCl 1M, CaCl2 0,0001-1 M
and seawater). As it can be seen in Fig. 3.3, DPH GCL maintained low permeabilities also
in presence of strong electrolyte solutions, e.g. 4.2 ×10−12 m/s with NaCl 1 M (Kolstad
et al. 2004), 1.17 × 10−12 m/s with CaCl2 1 M (Katsumi et al. 2008) and 1.6 × 10−12 m/s
with seawater (Mazzieri and Di Emidio 2015).
Decoupling of swell and hydraulic conductivity has been shown for DPH GCL. This
behavior has been attributed to the densiﬁcation and prehydration of the bentonite during
manufacturing of DPH GCLs (Kolstad et al. 2004).
Scalia IV et al. (2014) and Scalia IV and Benson (2016) reported long-term hydraulic
conductivity results of BPN permeated with aggressive inorganic solutions (5-500 mM CaCl2;
1 M NaCl and 1 M HNO3). The hydraulic conductivity remained low (≤ 8×10−11 m/s) for
all solutions (Fig. 3.3 and Fig. 3.6). As for untreated bentonite, the swell index and void
ratio of BPN decreased monolithically with increasing CaCl2 concentration. This ﬁnding
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Figure 3.6: Hydraulic conductivity versus permeant CaCl2 concentration (a); swell index versus
CaCl2 concentration (b) (Scalia IV and Benson 2016)
indicates that the swelling of BPN is aﬀected by ion concentration and ion valence.
However, hydraulic conductivity tests showed that BPN maintained similar permeability
over a broad range of swell index, indicating that the hydraulic conductivity of BPN is inde-
pendent from the swell index. These results might suggest that the hydraulic conductivity
of BPN is not governed by osmotic swelling but by other mechanisms. The low permeability
can be related to polymer release during permeation which clog active pores (Bohnhoﬀ and
Shackelford 2013). In particular, it was noted that there is a linear relationship between
mass of polymer eluted and solution concentration: polymer elution was higher in less con-
centrated solutions (Scalia IV and Benson 2016). There are several possible explanations of
these results likely related to the presence of Ca2+ ions in the solution. (1) As the swelling
ability of the bentonite is reduced, there are less intergranular pores through which polymer
can be transported. (2) Ca2+ ions act as cross-linking between polyacrylate molecules result-
ing in less mobile molecules. (3) In addition, the polyacrylate adsorption might be promoted
by high ionic strength as the repulsion between the negative charge of the polyacrylate and
bentonite platelets is reduced (Scalia IV and Benson 2016).
These insights suggested that the low permeability in low concentrated solutions (DW
to 20 mM CaCl2) is governed by the osmotic swelling of the bentonite, which yield to a gel
structure. Whereas, for high concentrated solution the low permeability is due to polymer
clogging. In order to assess polymer clogging, a thin layer of BPN granules was placed
between two geotextile either upstream (i.e. up gradient) or downstream (i.g., down gra-
dient) of a conventional bentonite layer. Test results showed that 90% of the polymer was
79
3.3 Hydraulic conductivity
Figure 3.7: Hydraulic conductivity versus pore volume of ﬂow to seawater of untreated clay and
HYPER clay 2% (Di Emidio et al. 2011)
eluted in both conﬁgurations. Upstream conﬁguration revealed that the polymer was accu-
mulated in the bentonite layer placed above the BPN layer. On the other hand, downstream
conﬁguration ﬂushed all the polymer out of the permeameter.
Di Emidio et al. (2011) reported hydraulic conductivity test results of bentonite treated
following HYPER clay procedure. The bentonite was modiﬁed with 2% and 8% of Na-CMC
and the hydraulic conductivity to 5 mM CaCl2 resulted to be 1.3 × 10−11 m/s and 7.03
× 10−12 m/s respectively. In addition, the impact of seawater (multivalent environment)
on HYPER clay 2% performance was assessed providing promising results. Indeed, the
hydraulic conductivity was about one order of magnitude lower compared to the one of
untreated bentonite as it can be seen in Fig. 3.7. This test is still ongoing and after 2746
days the permeability is 1.59 × 10−11 m/s (more than one order of magnitude lower than
the value obtained for the untreated bentonite).
The inﬂuence of HYPER clay treatment is more appreciable in electrolyte solutions. As
it can be seen in Fig. 3.8, the hydraulic conductivities to deionized water of both untreated
and HYPER clay were comparable. This is probably due to the diﬀuse double layer being
suﬃciently thick also without bentonite treatment. After being permeated with deionized
water, these samples were ﬁrst tested in the chemico-osmotic apparatus and then permeated
with 5 mM CaCl2 solution. Despite the hydraulic conductivity of untreated clay increased,
HYPER clay 2% permeability remained almost constant (Fig. 3.8).
As it can be seen in Fig. 3.4, the hydraulic conductivities to 5 mM CaCl2 of HYPER
clay 2% and 8% were comparable. However, the latter resulted in slightly higher permeabil-
ity. The observed diﬀerence might be due to the base bentonite used during HYPER clay
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Figure 3.8: Hydraulic conductivity of untreated clay (a) and HYPER clay 2% (b) to 5 mM CaCl2
solution after prehydration with water (Di Emidio et al. 2015)
Figure 3.9: MSB: permeability to natural seawater of the as-received and aged specimens (Mazzieri
et al. 2016)
treatment (sodium bentonite for HYPER clay 2%, calcium bentonite for HYPER clay 8%).
It can be concluded that in HYPER clay the large net negative charge of montmorillonite
combined with the negative charge of the anionic polymer result in adsorption of a large
number of hydrated cations as well as water molecules, which become immobile. Therefore,
there are less active pores available for ﬂow and the pathways are long and tortuous, leading
to low hydraulic conductivity.
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3.4 Wet and dry cycles of modiﬁed bentonites
Modiﬁed bentonites have been developed in order to provide better chemical resistance
compared to conventional bentonite. However, bentonite liners are expected to withstand
environmental ageing caused by adverse ﬁeld conditions.
For this reason, Mazzieri et al. (2016) evaluated the performance of MSB to wet and
dry cycles in seawater. Five cycles were performed in oedometer cells where the sample was
hydrated with seawater under a vertical stress of 6 kPa and dried at 35°C until constant
weight was achieved (a water content of the order of 5-10% was hypothesized). Considering
for simplicity seawater as a NaCl solution, the Na+ concentration would be 501 mM which is
lower than the limit for which MSB is known to exhibit osmotic swelling (0.75 M). However,
the sample was aﬀected by crack formation and the reduction of the swelling ability was linked
to elution of the amendment, presence of cracks and increase in electrolyte concentration
beyond 0.75 M NaCl. In addition, the hydraulic conductivity was measured at the end
of ﬁve wet and dry cycles and it resulted on the order of 10−8 m/s (Fig. 3.9). Therefore,
bonding of the amending agents to the clay appeared to be non-permanent.
Mazzieri and Pasqualini (2008) examined the response of a dense prehydrated GCL (DPH
GCL) to wet and dry cycles and the eﬀect of coupling desiccation with cation exchange.
One sample was hydrated with DW during each wetting cycle and compared to a second
sample hydrated with DW in the ﬁrst cycle and 0.0125 M CaCl2 in the subsequent cycles.
Both samples were hydrated till full hydration occurred. During the ﬁrst wetting cycle the
overburden pressure was equal to 12.5 kPa, while in the next wetting cycles the pressure was
reduced to 6 kPa. During each drying cycle, the samples were dried at 35°C till the mass
loss was stable under a constant pressure of 25 kPa. At the end of each drying cycle, the
vertical swell and permeability of the samples were measured. As it can be seen in ﬁgure
2.31, the swelling power reduced with increasing wet and dry cycles both for the sample
hydrated with DW and 0.0125 M CaCl2. During the ﬁrst cycle the swell in DW was equal
to 6 mm while the ﬁnal swell at the fourth wetting was only 2.2 mm. A possible explanation
is the volumetric shrinkage of the sample during drying. Therefore, the sample had to swell
in both radial and vertical directions during hydration. Hydrating the sample with 0.0125
M CaCl2 induced cation exchange which resulted in a monotonically decrease of the ﬁnal
vertical swell with increasing wet and dry cycles.
Fig. 3.11 shows the hydraulic conductivity of the DPH GCL test specimens at the end
of each wetting cycle. The hydraulic conductivity of DPH GCL hydrated with DW slightly
increased from 8.8 × 10−12 m/s to 2.8 × 10−11 m/s after four wet and dry cycles. However,
as suggested by the authors, this small increase occurred due to the disturbance induced
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Figure 3.10: Swell of DPH GCL during wet and dry cycling (Mazzieri and Pasqualini 2008)
Figure 3.11: Hydraulic conductivity at each wetting cycle (Mazzieri and Pasqualini 2008)
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by the testing method and not by the impact of wet and dry cycles. A swell test of the
bentonite in the specimen showed that the polymer was removed due to wet and dry cycling
and repeated permeability testing. Therefore, the bentonite in the DPH GCL was converted
back into a standard sodium bentonite.
The hydraulic conductivity with the calcium chloride solution remained low (6.8 ×
10−11 m/s) after the second wetting cycle. Thereafter, the permeability increased strongly
to a ﬁnal value of 5.5 × 10−7 m/s. A possible explanation is the occurrence of cation ex-
change that converted the bentonite into a calcium exchanged form. Additionally, the small
desiccation cracks that occurred during drying did not heal upon rehydration. The obtained
hydraulic conductivities are very similar to the values obtained by Lin and Benson (2000).
A companion paper was published by Mazzieri (2011) to simulate milder desiccation
states. Six cycles were performed and visible cracks appeared already at dehydration water
content of 65%. It was noticed that the size of cracks increased with decreasing water
content, as described also by Thiel et al. (2006). The hydraulic performance of the DPH
GCL subjected to partial desiccation with 0.0125 M CaCl2 was aﬀected when the water
content at the end of the drying cycles was ≤ 35%, whereas for water contents ≥ 45% the
material appeared able to recover the hydraulic performance.
Finally, the eﬀect of wet and dry ageing in seawater and deionized water of a DPH
GCL was investigated by Mazzieri et al. (2016). Five cycles were performed in oedometer
cells where the sample was hydrated until vertical displacement reached equilibrium, under
a vertical stress of 6 kPa, and dried at 35°C until constant weight was achieved (a water
content of the order of 5-10% was hypothesized). The vertical swelling did not display a
signiﬁcant change throughout the cycles and the ﬁrst cracks appeared after the fourth cycle.
As for untreated bentonites, wet and dry cycles with deionized water had little eﬀect
on the eﬃciency of the DPH GCL. On the other hand, when permeated with seawater the
permeability increased of about three orders of magnitude compared to the unaged DPH
GCL permeated with SW (2 × 10−10 - 1 × 10−9 m/s versus 1-2 × 10−9 m/s, respectively).
Presence of unhealed cracks was veriﬁed by visual inspection.
3.5 Overlap of a modiﬁed bentonite
GCL panel separation has been one of the main concern in the last year. As reported by
Koerner and Koerner (2005), GCL might be exposed to loss of the overlap especially if placed
beneath a geomembrane. Field inspections veriﬁed separation distance as up as 300 mm.
Up to now, there is a relatively small body of literature that is concerned with GCLs overlap
with modiﬁed bentonites.
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Figure 3.12: DPH GCL: permeability to seawater of the as-received and aged specimens (Mazzieri
et al. 2016)
Figure 3.13: Hydraulic permittivity of the DPH-GCL single layer (Ψ) and overlap seam (Ψ∗) per-
meated with DW and NSW (Mazzieri and Di Emidio 2015)
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3.6 Conclusions of Chapter 3
The only published research on this topic was carried out by Mazzieri and Di Emidio
(2015). The purpose was to investigate the eﬃciency of 0.1 m overlap seams between dense
prehydrated GCL (DPH GCLs) panels. The samples were hydrated both with deionized
water (DW) and natural sea water (NSW). The permeability of the overlap was characterized
by the permittivity which is equal to the hydraulic conductivity (k) divided by the thickness
(H). Fig. 3.13 indicates that the permittivity of the single-layer DPH GCL (Ψ) and the
overlap (Ψ∗) coincided in case of permeation with DW under a constant eﬀective stress of 14
kPa. The swelling of the DPH GCL permeated with deionized water ensures the eﬃciency of
the overlap. On the contrary, when the overlap was permeated with NSW, the permittivity
was four times higher compared to the single-layer DPH GCL. This is due to the collapse of
the DDL of the bentonite when permeated with seawater leading to a much lower swelling.
Consequently, the sealing of the overlap is weak and the permittivity increases. This can
be avoided by placing a bentonite paste of the same bentonite contained in the DPH GCL
between the two panels which resulted in a permittivity equivalent to the value obtained
with DW.
3.6 Conclusions of Chapter 3
Modiﬁed bentonites developed in the recent years were described here and their engineering
properties analyzed.
One of the main ﬁndings emerged from this study is that standard tests, such as swell
index, do not always represent the qualitative behavior of the hydraulic performance of
modiﬁed bentonites. For instance, hydraulic conductivity and swell index do not correlate
well.
However, hydraulic conductivity results of modiﬁed bentonites are promising. On the
other hand, the enhanced performance may still be impaired with aggressive solutions.
This research provides a framework for the exploration of the behavior of GCLs containing
modiﬁed bentonite subjected to wet and dry cycles in aggressive environment and their
overlap eﬃciency.
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Chapter 4
Eﬀect of wet-dry cycles on polymer
treated bentonite in seawater
This chapter reports the contents of two published papers:
1. De Camillis, M, Di Emidio, G., Bezuijen, A., Verastegui Flores, R. D. (2016). Hydraulic
conductivity and swelling ability of a polymer modiﬁed bentonite subjected to wetdry
cycles in seawater. Geotextiles and Geomembranes, 44(5), pp. 739747.
2. De Camillis, M, Di Emidio, G., Bezuijen, A., Verastegui Flores, Van Stappen, J.,
Cnudde, V. (2016). Eﬀect of wet-dry cycles on polymer treated bentonite in seawa-
ter: swelling ability, hydraulic conductivity and crack analysis. Applied Clay Science,
142(6), pp. 52-59.
4.1 Introduction
Geosynthetic clay liners (GCLs) are increasingly used for waste disposal facilities and they
have been subjected to numerous investigations (Bouazza 2002; Chevrier et al. 2012; Egloﬀ-
stein 2001; Ishimori and Katsumi 2012; Jo et al. 2005; Lee and Shackelford 2005; Shack-
elford et al. 2000). GCLs are employed to isolate waste disposals from the environment and
to avoid inﬁltration of water to the waste and prevent the release of leachate. GCLs are
factory-manufactured hydraulic barriers containing a thin uniform layer of sodium bentonite
sandwiched between two geotextiles or glued to a geomembrane.
The main advantages include the very low hydraulic conductivity to water, excellent
self-healing capacity, capability of withstanding diﬀerential settlement, limited thickness
and cost eﬀectiveness. On the other hand, exposure of the bentonite to leachate or to
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electrolyte solutions can cause a loss of eﬃciency of the clay as hydraulic barrier, with
increased vulnerability of environment.
Heat waves, seasonal rainfall and groundwater migration may further damage the hy-
draulic performance of the liners subjected to wet-dry aging. The consequences of this
process are a dramatic increase of permeability and loss of self-healing capacity, due to the
combination of compression of diﬀuse double layer and simultaneous desiccation. In partic-
ular, desiccation may damage the barrier layer forming crack networks in the bentonite and
gaps between GCLs panels.
The objective of this research is to evaluate the swelling and hydraulic performance of
a polymer-amended bentonite, HYPER clay, subjected to wet-dry aging in contact with
highly concentrated electrolyte solution, like seawater. HYPER clay technology consists of
combining clayey soils with an anionic polymer, such as sodium carboxymethyl cellulose
(CMC). In this study the HYPER clay technology has been investigated in order to simulate
the performance of a standard GCL composed by a layer of bentonite between two geo-
textiles. Moreover, new insights into the self-healing capacity and crack formation through
the technique of µCT scanning are provided. By focusing on the core of the specimens it
is possible to quantify the number, volume and connectivity of cracks present in untreated
bentonite and HYPER clays in three dimensions, and the diﬀerent cycles. This information
is combined with a traditional evaluation of the swelling and hydraulic performance of the
clays.
4.2 Materials
4.2.1 HYPER clay technology
Sodium bentonite (NaB) was used in this study in its natural form and treated according to
the HYPER clay procedure (as proposed by Di Emidio (2010)). The principle of HYPER
clay is to combine powder Na-bentonite (NaB), referred to as base bentonite, with an anionic
polymer (sodium Carboxymethyl Cellulose, Na-CMC). CarboxyMethylCellulose (CMC) is
a cellulose derivative with carboxymethyl groups (−CH2 − COOH) bound to some of the
hydroxyl groups of the glucopyranose monomers that make up the cellulose backbone. It is
often used as its sodium salt, Sodium-CarboxyMethylCellulose (Fig. 4.1 (left)).
Hydrogels made with CMC show high swelling in water because of the repulsion of its
carboxylate (COO−) functional groups (Mandal and Ray 2016). In addition, CMC has a
high viscosity, is non-toxic, biodegradable and non-allergic. Therefore, it is often used as
thickener, stabilizer and binder in food and non-food industry.
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Figure 4.1: Chemical formula of Sodium-CarboxyMethylCellulose (left). Na-CMC provided by VWR
Prolabo BDH chemicals (right)
a  b
Figure 4.2: High shear mixer (a). Retch Mortar Grinder RM 200 (b)
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c ba
Figure 4.3: Oven dried sample (a), manually ground (b), mechanically ground (c)
HYPER clay was produced by mixing Na-CMC (by dry weight of bentonite), deionized
water and untreated bentonite. The used polymer was provided by VWR Prolabo BDH
chemicals (Fig. 4.1 (right)) and was characterized by a viscosity equal to 400 mPa· s. In
the ﬁrst step, a polymeric solution was prepared by adding the total amount of Na-CMC
to deionized water. After mixing for 15 minutes with a high shear mixer (Fig. 4.2 (left)),
the bentonite was added and mixed for 30 minutes. The paste obtained was oven dried at
105°C for at least 16 hours to remove all excess water and irreversibly adsorb the polymer.
After drying, the bentonite was ﬁrst crushed manually with a mortar and a pestle and then
mechanically with the Retch Mortar Grinder RM 200 (Fig. 4.2 (right)). Fig. 4.3 shows the
pictures of the material oven dried, manually and mechanically ground.
XRD diﬀraction analysis on HYPER clays can be found in Di Emidio (2010). The author
performed this analysis on samples of bentonite treated with HYPER clay technology with
increasing polymer amount. The XRD patterns showed the increase of the basal spacing
of the platelets with increasing polymer dosage. The characteristic peak of montmorillonite
broadened, shifting to the left (that corresponds to higher basal spacing) indicating that the
polymer has intercalated in the interlayer region between platelets.
In this research, the base clay was combined with 2% and 8% of CMC, by dry weight
of clay (HC+2% and HC+8% respectively). The physical and chemical characteristics of
the tested materials are listed in Table 4.1. The dry mass per unit area of the bentonite
was 7.5 kg/m2, as used in Lin and Benson (2000), and the initial ﬁxed porosity was 0.718.
With 2% polymer dosage HYPER clay is able to improve its hydraulic and chemico-osmotic
performance (Di Emidio et al. 2015), as shown in chapter 6. In addition, Di Emidio et al.
(2015) found as optimum polymer dosage 8%, based on quality tests on HYPER clay, such
as liquid limit and swell index tests. The base bentonite used in this research is composed
of 91% smectite-mica, 4% quartz-opal and 2% feldspars. Diﬀerent specimens were used for
one-dimensional free swell tests and hydraulic conductivity tests.
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Table 4.1: Material characterization
Property NaB HYPER clay 2% HYPER clay 8%
Speciﬁc Gravity [-] 2.66 2.53 2.25
Limit Liquid [%] 649.7 696.4 988.8
Plastic Limit [%] 48.3 87.2 157.2
Plasticity Index [-] 601.4 609.1 831.4
CEC∗ [meq/100g] 70.17 75.32 87.56
Exchangeable cations∗∗
Ca2+ 43.25 45.32 39.73
K+ 1.52 2.01 1.85
Mg2+ 15.56 14.81 13.31
Na+ 40.28 50.69 62
∗ CEC is measured using ammonium acetate method
∗∗ Exchangeable cations value includes soluble cations
Figure 4.4: Water puriﬁer
4.2.2 Liquids
In order to investigate the impact of wet and dry cycles of high electrolyte concentration
and multivalent cations on the swelling and hydraulic conductivity performance of untreated
bentonite and HYPER clay, deionized water (DI) and seawater (SW) were selected as per-
meant solutions. Table 4.2 shows the chemical characteristics of the solutions used in this
study.
Deionized water was used for swell index testing and as reference solution during the ﬁrst
wet cycle, for oedometer and hydraulic conductivity tests. Deionized water was produced by
the PURELAB option-R 7/15 from the company ELGA Vivend Water System Ltd (Fig. 4.4).
The water was deionized by means of several methods: adsorption, reverse osmosis, photo
oxidation and ion exchange.
Natural seawater, collected in the North Sea (Ostend, Belgium), was ﬁltered through
Grade 4 Whatman ﬁlter paper to remove coarse particles and stored in a tank.
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Table 4.2: Chemical properties of the electrolyte solutions
Parameter Deionized water Seawater
EC mS/cm 0.002 44.8
Salinity - 0.0 28.6
pH - 7.57 7.42
Na+ mg/L - 11517.9
K+ mg/L - 469.2
Mg2+ mg/L - 1281
Ca2+ mg/L - 478.5
CL− mg/L - 19897
SO2−4 mg/L - 2352
HCO−3 mg/L - 183.1
CO2−3 mg/L - 18.0
NO2−3 mg/L - 43.4
4.3 Methods
4.3.1 Swell index tests
Swell index tests were performed for quality, as mentioned in the Geosynthetic Research
Institute (GRI) GCL-3 (Koerner and Koerner 2005), which describes proper test methods
and minimum required values. The test method followed was in accordance with ASTM
D5890. Swell index tests were performed to study the eﬀect of polymer treatment on the
swelling capacity of the clays analysed. Specimens of 2 g of NaB, HC+2% and HC+8%
were poured into a 100 ml graduated cylinder containing 90 ml of DI. After 2 g of clay was
added, the cylinders were ﬁlled up to 100 ml with additional solution of DI. The cylinders
were allowed to equilibrate for 16 hours (ASTM D5890) and the ﬁnal volumes of swollen
bentonite were recorded.
4.3.2 One-dimensional swell tests
Free one-dimensional swell tests (i.e., no overburden load) were performed to assess the
impact of wet-dry cycles with seawater on powder NaB, HYPER clay 2% and HYPER clay
8%. Two standard methods were used: ASTM D4546 and GRI GCL-1. One-dimensional
swell tests were performed in accordance with method A of ASTM D4546, without loading
the specimens after the primary swelling stage. The applied seating pressure of 1 kPa
recommended by GRI GCL-1 (free swell of the clay component of geosynthetic clay liners)
was used (Lin and Benson 2000). Powder bentonite samples were poured in 70 mm diameter
cells with a clay mass per unit area (i.e., area prior to drying) of 7.5 kg/m2 and initial
92
Chapter 4. Eﬀect of wet-dry cycles on polymer treated bentonite in seawater
Figure 4.5: One-dimensional swell test setup
porosity of 0.718 (Fig. 4.5). The porosity was chosen to compare the results with those of Di
Emidio (2010), where clay specimens were prepared to simulate the bentonite core of a GCL,
and to compare the results of osmotic tests to those of Lee and Shackelford (2005). The cells
were built using PVC to avoid rust formation during the wet cycles. The thickness of the
samples was about 10 mm. The specimens were inundated and allowed to swell vertically at
the seating pressure applied by the weight of the top porous stone and topcup). The vertical
swell was continuously recorded during hydration by displacement transducer connected to
a computer with an accuracy of 0.001 mm.
The vertical swell is deﬁned as the increase in elevation of soil following sorption of water.
In this study, the swell was calculated as following:
∆h = hi − h0 (4.1)
Where:
∆h = vertical swell of the bentonite [mm]
hi = height of the sample at the end of the wetting cycle i [mm]
h0 = height of the dry powder bentonite before the ﬁrst wet and dry cycle [mm]
The samples were subjected to six wet-dry cycles. In order to have a reference maximum
swelling and minimum hydraulic conductivity to water, deionized water was employed as
hydrating solution during the ﬁrst cycle and seawater in the consecutive cycles. In addition,
the samples were hydrated with deionized water in an attempt to simulate the eﬀect of
prehydration.
The specimens were allowed to swell for about 400 h according to Lin and Benson (2000).
Lin and Benson (2000) noticed that the rate of swelling decreased substantially after 400
hours, even if sometimes equilibrium was still not established. In addition, it was veriﬁed
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that at least 90% of the inﬁnite swell was achieved (NF P84-705 (AFNOR, 2008)). The
inﬁnite swell is deﬁned as the ﬁnal swelling or adsorbed volume of water for an inﬁnite time
period (∆H∞). The criterion for stopping the test is determined graphically from the plot
of the curve representing the change in swelling in relation to time.
∆H = ∆H∞
t
t50 + t
(4.2)
Where:
∆H = cumulated swelling of the specimen [mm]
t = time [days]
∆H∞ = vertical swell for an inﬁnite time period [mm]
t50 = time corresponding to 50% of the swelling for an inﬁnite time period [days]
It will be ensured that, for swelling measured during the last ﬁve days, the determination
coeﬃcient is close to 1. Thus the vertical swelling for a calculated inﬁnite time period
(∆H∞) is compared with the measured cumulated instantaneous swelling (∆H). In case
where ∆H > 0.9∆H∞ the test can be stopped or the permeability can begin.
The samples were then dried at 40°C until constant mass or when the gravimetric water
content was between 10% and 15% under 1 kPa seating pressure.
4.3.3 µCT Scanning
µCT is a non-destructive three dimensional (3D) imaging and analysis technique which is
more and more frequently used in the study of geomaterials (Cnudde and Boone 2013). With
this method, the material under investigation is fully reconstructed in 3D, based on a set of
two dimensional (2D) projections or radiographs. This allows the internal structures of the
material to be investigated at diﬀerent moments in ongoing experiments. For this study, all
µCT scans were carried out on the HECTOR system (High Energy µCT scanner, Optimized
for Research), at the Centre for X-ray Tomography at Ghent University (UGCT), Belgium.
The samples were placed on the rotating stage between the X-ray source and detector, so that
a set of 1200 projections over 360° was taken, each with an exposure time of 1 s (Fig. 4.6).
The X-ray source accelerating voltage used for the experiments amounted to 180 kV. After
the acquisition of the individual radiographs, the 2D projections were reconstructed into a
stack of 2D slices through the object, building up the 3D image. This reconstruction step,
as well as the subsequent image analysis on the images, were carried out using the in-house
developed software tools Octopus Reconstruction (XRE, Vlassenbroeck (2010)) and Octopus
Analysis, formerly Morpho+ (Brabant et al. 2011), respectively. With VG Studio MAX, a
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Figure 4.6: The HECTOR scanner showing: X-ray tube focal spot (left), rotating sample (center)
and X-ray detector (right)
software tool of Volume Graphics, the analyzed data could then be visualized in 3D.
In the described experiments, µCT scans were made of three individual samples: un-
treated sodium bentonite, HYPER clay 2% and HYPER clay 8%. For each of these samples
a scan was made after the third dry cycle and during the fourth wetting stage. These partic-
ular moments in the experiments were chosen because of the pre-existence of cracks, which
were visually detected after the third dry cycles. Using them as reference, the swelling and
self-healing capacity of the clays during the subsequent wetting stage could be determined
by the comparison of the crack opening between two subsequent scans. In order to exclude
side eﬀects at the borders of the samples, the focus of this comparison lies within the central
core of the samples (6350 mm3).
4.3.4 Hydraulic conductivity tests
Permeability tests were performed on untreated sodium bentonite, HYPER clay 2% and
HYPER clay 8%. The specimens were given a clay distribution of 7.5 kg/m2 (dry mass per
unit area) and initial ﬁxed 0.718 porosity. Tests were carried out in rigid wall permeameters.
The specimens diameter was 71 mm for NaB and HC+2% and 70 mm for HC+8%. The
preparation method of considering 0.718 initial porosity resulted in specimens with initial
height of about 10 mm.
HYPER clay 8% was moved to a ﬂexible wall 70 mm diameter permeameter during the
second wet cycle to avoid sidewall leakage. Sidewall leakage did not occurred with the other
samples because NaB and HC+2% were able to recover the initial diameter dimension. The
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specimen of HC+8% was conﬁned with an eﬀective stress of 15 kPa, in order to simulate
in situ conditions of a cover (Bouazza 2002; Mazzieri and Pasqualini 2006; Scalia IV and
Benson 2011).
The permeant liquids used were deionized water, during the ﬁrst cycle, and seawater in
the next cycles (as for swell tests). The tests were considered concluded when termination
criteria were fulﬁlled: steady hydraulic conductivity, at least two pore volumes of ﬂow (PVF)
have passed through the specimen and chemical equilibrium was reached (ASTM D5084-00
2001; Jo et al. 2005; Lee and Shackelford 2005; Malusis and McKeehan 2013; Ruhl and
Daniel 1997). According to ASTM D6766-02 (2002) chemical equilibrium is reached when
EC/EC0 ratio = 1.0±0.1, which means that the chemical reactions between the permeant
liquid and the bentonite are complete (Jo et al. 2005). Termination criteria were followed
in order to evaluate interactions between barrier soils and permeant solutions (Shackelford
et al. 2000).
The specimens were oven dried at every cycle at 40°C until constant weight was reached,
or the gravimetric water content was between 10%− 15%.
4.4 Results and discussion
4.4.1 Swell Index
The swelling ability of treated and untreated clays was quantiﬁed by means of the standard
swell index test. Swell index (SI) values of Na-bentonite, HYPER clay 2% and 8% in
deionized water are shown in Fig. 4.7. The treatment with the anionic polymer improved
the swelling ability of the untreated clay. Results also showed that the swell index increased
with increasing polymer dosage. The SI of HC+8% was more than two times that of NaB
(52 mL/2g versus 19 mL/2g). These measurements are consistent with results reported by Di
Emidio (2010) who performed also swell pressure tests. Both swell index and swell pressure,
increased with increasing polymer dosage up to 8% Na-CMC. Increasing polymer dosage up
to 16% caused a slight decrease of the swell pressure, indicating 8% as a possible optimum
polymer dosage.
4.4.2 One-dimensional swell tests
The eﬀect of wet and dry cycles on swelling ability and self-healing capacity was analyzed
by means of free one-dimensional swell tests in oedometers cells. The temporal behavior of
the swell tests carried out on treated and untreated bentonite subjected to wet-dry cycles is
shown in Fig.4.8. The swell related to the number of wet-dry cycles is displayed in Fig. 4.9.
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Figure 4.7: Swell index of Na-bentonite (NaB), HYPER clay 2% (HC+2%) and HYPER clay 8%
(HC+8%)
The hydrating liquid of the ﬁrst cycle was deionized water, as a reference, and seawater for
the subsequent wettings.
As expected, the greatest swell was obtained during the ﬁrst cycle in deionized water.
Untreated sodium bentonite and HYPER clay 2% reached equilibrium after 20 days, while
the swell of HYPER clay 8% was still increasing and did not yet achieve its maximum
swelling. The untreated sodium bentonite showed a maximum swelling of 7.3 mm; however,
it sharply decreased with the consequent wetting-drying cycles with seawater. As it can be
seen in Fig. 4.9, the swell of untreated bentonite collapsed to 1.3 mm within three cycles.
The cracks formed during the cycles were not able to heal after wetting. As a consequence,
NaB lost its self-healing and swelling capacity. The soil appeared crumbled with ﬁssures
along the side and surface. These results suggest that NaB is converted to calcium bentonite
within three cycles.
HYPER clay 2% swelled approximately 11.45 mm in deionized water and remained nearly
constant in the second cycle. As it can be seen in Fig. 4.9, after the third cycle the swell
decreased to 7.22 mm. It decreased up to 1.63 mm after the sixth cycle. HYPER clay 8%
showed the best performance in terms of swelling ability. It has swollen the most during
the ﬁrst cycle and its thickness remained higher than the other clays during further wet-dry
cycles with seawater. In deionized water HC+8% demonstrated a larger water adsorption
compared to untreated bentonite and HYPER clay 2% and after 20 days the swelling was
still increasing. This behavior may be linked to the presence of the polymer, which helps to
keep the interlayer open (Di Emidio et al. 2015) and to enhanced water adsorption (Qiu and
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Figure 4.8: Temporal behavior of swell tests at various wet-dry cycles of untreated Na-bentonite
(NaB), HYPER clay 2% (HC+2%) and HYPER clay 8% (HC+8%)
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Figure 4.9: Swell at the end of every wetting cycle of untreated Na-bentonite (NaB), HYPER clay
2% (HC+2%) and HYPER clay 8% (HC+8%)
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    NaB                       HC2%                    HC8%
Dry cycle 2
Dry cycles 3
Dry cycles 5
Dry cycle 4
Figure 4.10: Specimens of untreated Na-bentonite (NaB), HYPER clay 2% (HC+2%) and HYPER
clay 8% (HC+8%) at the end of the dry cycles
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Yu 2007).
The initial swell of HC+8% of 18.3 mm dropped to 10.84 mm by the third cycle and then
decreased gradually to 6.32 mm by the ﬁfth cycle. The last wetting in seawater showed a
little increase in swelling up to 7.22 mm. Remarkably, the ﬁnal swelling of HC+8% after 6
cycles is comparable to the maximum swelling of NaB when hydrated with deionized water.
During the drying phase of each cycle, specimens were desiccated at comparable moisture
contents. HYPER clay 8% showed less cracks compared to the untreated bentonite and to
HYPER clay 2%. In addition, visual inspection showed that the few cracks formed during
desiccation were healed. The presence of cracks is related to the reduction in the swelling and
water absorption capacities of the bentonite (Bouazza et al. 2006). Swelling and absorption
capacity decrease when cation exchange occurs.
In this study, seawater was used as hydrating liquid, which represents a high concentrated
electrolyte solution. Ion exchange tends to compress the DDL thickness. The determining
factors for the DDL thickness are mainly the valence of the ions and the concentration of
the solution (Egloﬀstein 2001). For these reasons crack networks were not healed in the
untreated bentonite, as it can be seen in Fig. 4.10. Although the presence of the ﬁlter
paper, attached to the soil, keeps the material together, the specimen appears crumbled and
ruined. Contrarily, the polymer treated clay performed better during the ageing process.
The specimen of HYPER clay 8% shrank volumetrically forming a rigid disk, without visible
cracks in the core, after the ﬁrst dry cycle with seawater. This disk maintained its shape
during the next cycles and the cracks slowly started to develop from the edges. HC+8%
presented the ﬁrst cracks during the fourth cycle, much later than the untreated clay.
4.4.3 µCT Scanning
The analysis of the µCT scan images was focused on the internal core of the samples, since
the subsequent wet-dry cycles had caused material to crumble along the sides of the original
samples as it can be seen in Fig. 4.10. In each of the samples (NaB, HYPER clay 2%
and HYPER clay 8%) a certain zone (core) within the original cylindrical sample remained
coherent throughout the wet-dry cycles.
In this coherent zone of the samples, a cylindrical volume with a diameter of 35 mm and
a height of 6.6 mm was chosen as a subsection to perform image analysis on. This subsection
had identical dimensions in both scans, after the 3rd dry cycle and during the 4th wet cycle.
They were chosen at the same height above the original surface and contained identical
markers in the scans. By keeping the dimensions of the cylindrical subsection identical, and
by ensuring it is positioned at similar locations in each of the samples, the analysis of the
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Figure 4.11: A) Horizontal slice through the reconstructed µCT volume of the HYPER clay 2% after
the third drying stage, B) inside this µCT volume, a volume of interest is chosen (darker zone),
with a diameter of 35 mm (and a height of 6.6 mm). This volume is regarded as a zone in which
the material remained coherent and allows a comparison of the crack volume for the diﬀerent clays,
in a diﬀerent stage of wetting/drying, C) Inside this volume of interest, the cracks (in white) can be
segmented based on their grey value. This allows the determination of the volume aﬀected by cracks
inside the volume of interest
crack opening before and after wetting can be used as a measure for the self healing capacity.
The deﬁnition of this subsection is illustrated in Fig. 4.11 (A) and (B). In these ﬁgures, a
horizontal slice of HYPER clay 2% through the µCT volume is given after the 3rd dry cycle.
In Fig. 4.11(B), the coherent zone with a diameter of 35 mm is highlighted inside the 2D
section. This coherent zone is taken as volume of interest. Because of the known dimensions,
the volume can also be calculated at 6350 mm3. Based on the grey level in the µCT images,
it is possible to diﬀerentiate between the intact areas of the clay samples,and the cracks,
ﬁlled with either air (after the dry cycle), or seawater (during the wetting stage). This is
illustrated in Fig. 4.11(C), in which the cracks are segmented inside the earlier deﬁned volume
of interest (Fig. 4.11(B)). Further image analysis then allows the separation of these cracks
and the quantitative determination of the volume percentage of the cracks, as compared to
the cylindrical volume representing the coherent zone of the samples (Brabant et al. 2011).
Fig. 4.12 illustrates the 3D rendered results of the µCT scans for the diﬀerent samples
(NaB, HYPER clay 2% and HYPER clay 8%), after the 3rd drying stage and during the 4th
wetting stage. In order to improve the visualization, the clay materials are shown using the
isosurface renderer tool of VG Studio MAX, so that the transparency of the edges of the
chosen subsection could be altered. This allows the internal structures to be displayed in
greater detail. The open syneresis cracks were segmented with Octopus Analysis, which also
allowed determining the volume percentage of the cracks compared to the coherent zone of
the samples. In Fig. 4.12, the cracks are displayed in red. Visually, the diﬀerence between the
diﬀerent samples is clear: although the cracks in the untreated bentonite do not propagate
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Figure 4.12: 3D rendered results of the µCT scan of untreated bentonite, HYPER clay 2% and
HYPER clay 8%, after the 3rd dry cycle and during the 4th wet cycle. Open syneresis cracks are
displayed in red
throughout the entire sample, they are much wider than in the two other samples, after the
3rd drying stage. Also, the cracks in the HYPER clays (2% and 8%) occur mainly in the
upper parts of the chosen subsection and do not propagate downwards. During the 4th wet
cycle the bentonites swell, thereby closing the syneresis cracks. However, it is clear that the
untreated bentonite has more remaining open cracks than the HYPER clays. This is more
evident when looking at the HYPER clay 8%, where almost all cracks are closed during the
4th wet cycle.
The untreated bentonite developed cracks after the 3rd dry stage, taking up 6.0% of
the total initial volume, while the HYPER clays also formed cracks, however taking up less
than 1.0% of the initial volume. During the wet stage, the cracks closed signiﬁcantly for all
clays. Numerically these trends are showed in Fig. 4.13. The segmented open cracks in the
untreated bentonite sample amounted to 6.0 vol% of the total analyzed volume subsection
after the 3rd dry cycle; after the 4th wet cycle, this amounted to 1.2 vol% of the total
analyzed subsection. For the HYPER clay 2% these values amounted to 0.94 vol% and 0.12
vol% respectively; while for the HYPER clay 8%, this amounted to 0.45 vol% and 0.05 vol%
respectively.
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Figure 4.13: Amount of cracks in untreated bentonite (NaB) and HYPER clays at the end of the
3rd dry cycle and the 4th wet cycle
Table 4.3: Summary of hydraulic conductivities of of untreated Na-bentonite (NaB), HYPER clay
2% (HC+2%) and HYPER clay 8% (HC+8%)
∗ the specimen was ﬁrst permeated in the rigid wall for 40 days then, due to sidewall leakage, it was
moved to the ﬂexible wall permeameter for other 94 days (until termination criteria were reached)
a First number is duration of hydration phase, second number is total duration of permeation phase
Cycles NaB HC + 2% HC + 8%
k [m/s] ta [days] PVF k [m/s] ta [days] PVF k [m/s] ta [days] PVF
1 4.48× 10−12 3/31 0.25 5.78× 10−12 3/33 0.23 5.54× 10−12 19/35 0.21
2 3.26×10−8 8/37 25.68 1.65×10−9 8/37 9.35 3.86×10−11 7/94* 2.6
3 1.84×10−9 20/60 64.19 2.19×10−11 19/155 3.78 9.76×10−11 15/135 7.4
4 2.93× 10−7 27/10 29 3.5× 10−10 30/17 8
4.4.4 Hydraulic conductivity tests
Untreated sodium bentonite, HYPER clay 2% and HYPER clay 8% were subjected to wet
and dry cycles in order to investigate the self-healing capacity and permeability in seawater
by means of hydraulic conductivity tests. The testing program included permeation with
deionized water during the ﬁrst cycle. Seawater was then used as solution in the next cycles.
Values of permeability, EC ratio and pH were monitored as a function of time and pore
volumes of ﬂow (PVF), until the termination criteria was fulﬁlled for each cycle (Fig.4.14,
Fig.4.15, Fig. 4.16, Fig. 4.17). The results in Table 4.3 include ﬁnal hydraulic conductivities,
k (m/s) and test durations (time and PVF) for each cycle.
Measured hydraulic conductivity (k) values in Table 4.3 are plotted as a function of wet
and dry cycles in Fig.4.18. All the specimens showed low hydraulic conductivity during the
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Figure 4.14: Hydraulic conductivity versus time of untreated Na-bentonite (NaB), HYPER clay 2%
(HC+2%) and HYPER clay 8% (HC+8%); SW = seawater
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Figure 4.15: Hydraulic conductivity versus pore volume of ﬂow (PVF) of untreated Na-bentonite
(NaB), HYPER clay 2% (HC+2%) and HYPER clay 8% (HC+8%); SW = seawater
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Figure 4.16: EC ratio (EC0/EC) versus pore volume of ﬂow (PVF) of untreated Na-bentonite (NaB),
HYPER clay 2% (HC+2%) and HYPER clay 8% (HC+8%); SW = seawater
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Figure 4.17: pH versus time of untreated Na-bentonite (NaB), HYPER clay 2% (HC+2%) and
HYPER clay 8% (HC+8%); SW = seawater
108
Chapter 4. Eﬀect of wet-dry cycles on polymer treated bentonite in seawater
Figure 4.18: Hydraulic conductivity versus number of wetting cycles of untreated Na-bentonite
(NaB), HYPER clay 2% (HC + 2%) and HYPER clay 8% (HC + 8%)
ﬁrst cycle in deionized water and their permeabilities were comparable (k = 4.48×10−12 m/s
for NaB, k = 5.78×10−12 m/s for HC+2% and k = 5.54×10−12 m/s for HC+8%).
However, the hydraulic conductivity of NaB, HC + 2% and HC + 8% increase over the
successive cycles with seawater. The greatest increase in k was observed for untreated sodium
bentonite. The permeability of NaB sharply increased during the second cycle in seawater
and it continued to increase up to 2.93×10−7 m/s at the fourth cycle. After four cycles an
increase of k of about ﬁve orders of magnitude was observed for the untreated bentonite.
The behavior of NaB reﬂects its great susceptibility to hydraulic conductivity increase after
wet and dry cycling in seawater, which impairs its performance as hydraulic barrier.
HYPER clay 2% showed a similar trend of untreated sodium bentonite. Nevertheless,
the permeability of HYPER clay 2% remained low in seawater (k = 2.19 × 10−11 m/s and
k = 3.5×10−10 m/s during the 3rd and 4th cycles respectively). The fourth cycle of HC+2%
was concluded when 8 PVF were passed through the specimen and the permeability was
about three orders of magnitude lower than NaB. NaB andHC+2% suddenly increased their
permeability once wetted with seawater during the second cycle (Fig.4.18). This behaviour
may be related to the strong exposure of the samples to the heat in the oven during the
ﬁrst dry cycle. Once in the oven, the plates containing the samples of HYPER clay 2% and
untreated bentonite were placed on the bottom shelf, where there is the oven wire. Therefore,
it might be that due to direct contact with the wire, the drying temperature of the samples
was higher than 40°C, causing hardening of the external surface of the sample. The extreme
exposure to heat, not representative of the actual gradual drying occurring in the site, was
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then avoided by placing an additional wooden plate on the bottom shelf of the oven. Based
on this extreme heat exposure, cracks may be not completely healed and the presence of
preferential ﬂow paths may have resulted in high k. In the next cycles, and for HC + 8%,
this exposure was conﬁned to better represent the gradual dehydration expected in the ﬁeld.
The large water adsorption and swelling capacity of HYPER clay 8%, shown in Fig.4.8
and Fig.4.9, suggested that the hydrated specimen could have potentially low hydraulic
conductivity. Although the hydraulic conductivity of HC + 8% exhibited a slight increase
with the cycles, it remained low. During the third cycle k was 9.11×10−11 m/s, approximately
one order of magnitude higher compared to its initial value with DI. It is likely that the
presence of the polymer helped to keep the diﬀuse double layer open during hydration.
Therefore, formation of preferential ﬂow paths is limited because the specimen healed on
rehydration.
The hydraulic conductivity of untreated sodium bentonite, HYPER clay 2% and HYPER
clay 8% versus time and PVF during the cycles is plotted in Fig.4.14 and Fig.4.15. The results
suggest that the polymer addition maintains low hydraulic conductivity of the bentonite. The
lower hydraulic conductivity of HYPER clays is in accordance with the slow achievement of
the chemical equilibrium between the inﬂuent and the euent. The chemical equilibrium is
an indication that the exchange reactions took more time to occur compared to the untreated
sodium bentonite, as it can be seen in Fig. 4.16.
Based on the ﬁndings above, the hydraulic conductivity to deionized water is not inﬂu-
enced by the presence of the polymer. Probably the diﬀuse double layer of the untreated
sodium bentonite and HYPER clay hydrated with deionized water were both suﬃciently
thick during the ﬁrst cycle independently of the presence of the polymer. After drying in
the oven, the samples were permeated with seawater for the subsequent cycles. The large
increase in hydraulic conductivity of the untreated bentonite indicates that cracks did not
seal properly. The compression of the diﬀuse double layer of the bentonite by high ionic
concentration and presence of cracks led to an increase of the permeability. A reduction
of bentonite performance as a barrier material was evident when cracks were formed dur-
ing desiccation. As prior studies indicated (Bouazza et al. 2006; Egloﬀstein 2001; Lin and
Benson 2000; Malusis et al. 2011), the increase in k is attributed to the diminished swelling
capacity of the bentonite caused by replacement of exchangeable Na+ with divalent cations.
On the other hand, wet and dry cycles likely showed lower impact on the polymer treated
clays. The specimens shrunk during desiccation presenting less cracks than untreated sodium
bentonite. HYPER clays where then able to maintain their swelling ability when rehydrated
with seawater and low hydraulic conductivity. The swelling ability helped to heal the cracks
formed during the dry cycles, as demonstrated in Fig. 4.12.
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4.5 Conclusions of Chapter 4
The potential inﬂuence of wet-dry cycles at 40°C combined to contact with a high concen-
trated solution was investigated by means of free swell, µCT scans and hydraulic conductivity
tests. Samples of untreated sodium bentonite were compared to samples of HYPER clay
2% and HYPER clay 8%. The performance of these bentonites subjected to wet-dry cycles
in contact with seawater was studied. Seawater is a highly concentrated electrolyte solution
and represents an aggressive environment in the ﬁeld.
The swell index showed that the water adsorption and swelling ability increase as the
polymer content increases. Similar results were obtained from one-dimensional free swell
tests. The swelling ability increased with increasing polymer dosage in deionized water.
Untreated sodium bentonite swelled the least and its swelling capacity strongly decreased
within three wet and dry cycles with seawater. Cracks formed during desiccation of the
untreated clay did not heal during rewetting with seawater due to the reduction of swelling
ability caused likely by the highly concentrated solution. Polymer-treated clays showed
better healing ability. At the end of all wet and dry cycles with seawater, the swelling of
HYPER clay 8% was not only higher than the untreated clay, but also it was comparable to
the maximum swelling that the untreated clay developed in contact with deionized water.
µCT analysis of untreated bentonite and HYPER clays, 2% and 8%, have shown the
self-healing eﬀect of the polymer treated clay, not only at the surface of the clays, but also
on their inside. It was possible to quantitatively determine the volume of cracks, formed
during desiccation, and their closure during a subsequent wetting stage.
The eﬀect of wet-dry cycles in seawater was negative also on the hydraulic conductivity
of untreated bentonite. In particular, due to the loss of swelling and self-healing capacities
cracks were not healed and preferential ﬂow paths developed during permeation. On the
other hand, the hydraulic conductivity of HYPER clay 2% was 3.5×10−10 m/s, during the
fourth cycle, 9.11×10−11 m/s for HYPER clay 8%, during the third cycle. HYPER clay
presented enhanced performance after being subjected to wet-dry cycles in seawater. The
adsorption of the anionic polymer in the interlayer between clay platelets likely maintains
the interlayer open, allowing greater water adsorption and swelling capacity.
These results suggest that HYPER clay could be more suitable components of hydraulic
barriers in presence of seawater. The polymer treated bentonite showed enhanced perfor-
mance even after wet-dry cycles with a strong electrolyte solution due to the presence of
the anionic polymer that helps to keep the interlayer open during wet-dry cycles, allowing
greater adsorption of water and swelling capacity. As a consequence, the cracks were healed
during rehydration and the permeability was maintained low.
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Eﬀect of wet and dry cycles on GCLs
prototypes
5.1 Introduction
Geosynthetic clay liners (GCLs) are bentonite-based liners that are gaining acceptance as
hydraulic barriers in containment and sealing applications (Petrov and Rowe 1997). One
important ﬁeld of application is landﬁll-capping systems. The aim of clay liners is to limit
the inﬁltration of moisture, due to rainfall or water migration, through the barrier into the
waste and to limit the release of leachate and gasses from the waste.
Modiﬁed bentonites have been developed to improve bentonite performance in aggressive
environments (Bohnhoﬀ and Shackelford 2014; Di Emidio 2010; Katsumi et al. 2008; Malusis
and McKeehan 2013; Mazzieri and Pasqualini 2006; Razakamanantsoa et al. 2012; Scalia IV
et al. 2014). To date, there are few studies on the eﬀect of wet and dry cycles with aggressive
electrolyte solution on polymer modiﬁed bentonites (Mazzieri and Pasqualini 2008; Mazzieri
et al. 2016). Moreover, there is a general lack of research in evaluating the impact of the
aging process on the GCLs overlap.
This study therefore set out to assess the eﬀect of wet and dry cycles with seawater on the
swelling ability, crack formation and hydraulic conductivity of a polymer-modiﬁed bentonite,
HYPER clay. Seawater was used to simulate highly concentrated solutions, inorganic part
of a leachate or inﬁltration if the disposal facility was constructed in a coastal area.
This chapter is divided in the following sections:
1. Swelling ability: swell index test, temperature impact;
2. Hydraulic conductivity: hydraulic conductivity of GCL panels subjected to wet and
dry cycles at diﬀerent drying temperatures;
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3. Hydraulic conductivity: large-scale hydraulic conductivity of overlapping panels pre-
viously subjected to wet and dry cycles.
Bentonite is an eﬀective barrier because it swells signiﬁcantly by adsorbing water and
producing a dense, uniform layer with extremely low hydraulic conductivity. However, per-
meating bentonite with seawater might cause the collapse of the diﬀuse double layer (DDL)
reducing the swelling ability of the bentonite.
Therefore, swell index tests were performed both with deionized water and seawater to
investigate the impact of polymer treatment on the swelling behavior of bentonite before and
after 4 wet and dry cycles. Furthermore, the impact of diﬀerent drying temperatures (air-
drying at room temperature of 20°C and oven drying at 40°C and 60°C) on the self-healing
capacity, water adsorption and swelling ability of bentonite subjected to wet and dry cycles
using seawater was studied. This was done by visually inspecting the samples for cracks and
measuring the water content and height of the bentonite after each wet and dry cycle.
The hydraulic conductivity to seawater of GCL prototypes subjected to four wet and dry
cycles at diﬀerent drying temperatures (40°C, 60°C and 105°C) was measured.
In addition, the shrinkage of two overlapping GCL panels containing untreated bentonite
subjected to wet and dry cycles were monitored. The large-scale hydraulic conductivity of
these samples was then measured by means of the ﬂow box.
5.2 Materials
5.2.1 Sodium-activated bentonite
Na-activated bentonite (untreated clay, UC) was used as reference material in this section.
The bentonite was provided by Cebo and it was identiﬁed as Cebogel Sealﬁx. This process
is based on the dry mixing of calcium bentonite and sodium carbonate which induces a
replacement of the calcium oxide (Likos et al. 2010). The characteristics of the bentonite
were determined following the ASTM standards for Atterberg Limits and Fluid Loss and are
summarized in Table 5.1.
5.2.2 HYPER clay technology
A detailed description of the HYPER clay treatment is given in Chapter 4. In this chapter,
HYPER clay 8% (HC) was produced with Na-activated bentonite as base material. The
main characteristics of HYPER clay 8% are listed in Table 5.1.
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Table 5.1: Characteristics of Na-activated bentonite (UC) and HYPER clay 8% (HC)
Property UC HC
Swell Index [ml/2g] 34 45
Fluid Loss [ml] 12 6.8
Limit Liquid [%] 625.22 765.65
Plastic Limit [%] 46.89 142.45
Plasticity Index [-] 578.32 623.19
CEC∗ [meq/100g] 78.23 90.07
Exchangeable cations
Ca2+ 42.72 53.46
K+ 2.37 2.89
Mg2+ 16.68 16.04
Na+ 74.32 88.38
Chemical composition [%]
Al2O3 16.32 15.76
CaO 4.06 5.10
Fe2O3 3.97 4.04
K2O 0.73 0.74
MgO 3.10 2.93
MnO 0.06 0.06
Na2O 2.74 3.40
P2O5 0.15 0.16
SiO2 50.40 47.67
TiO2 0.72 0.71
LOI 16.97 19.25
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Figure 5.1: Needle-punched GCL prototype
5.2.3 GCL prototypes
Two 1 m2 GCL prototypes containing untreated sodium activated bentonite (GCL_UC) and
HYPER clay 8% (GCL_HC) were provided by NAUE Company (Fig. 5.1). The panels were
needle-punched GCLs containing a thin layer of bentonite sandwiched between a woven and
nonwoven geotextile. The clay mass per unit area of the bentonite contained in the panels
was about 4.5 kg/m2, comparable to standard GCLs.
These GCL prototypes were used to measure the hydraulic conductivity of samples ini-
tially subjected to four wet and dry cycles and to investigate the water adsorption and
shrinkage in two large-scale overlapping panels subjected to wet and dry cycles.
5.2.4 Solutions
Deionized water was used for swell index testing and as reference solution during the ﬁrst
wet cycle for swelling and hydraulic conductivity tests. The main characteristics of the used
deionized water are described in Chapter 4.
Seawater (SW) is a high electrolyte solution containing both monovalent and divalent
cations that can inhibit the osmotic swelling. All samples subjected to wet and dry cycles
were hydrated with deionized water in the ﬁrst cycle and seawater in the subsequent cycles.
Seawater was provided by the Laboratory of Marine Biology (UGent) and collected in the
North Sea (Oostende, Belgium). Seawater was also used to measure the hydraulic conductiv-
ity. The main characteristics obtained were measured in the laboratory by chemical analysis
and are summarized in Table 5.2. Note that for test performed at 105°C a milder seawater
was used with an EC=30.3 mS/cm.
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Table 5.2: Characteristics of seawater
Parameter
EC mS/cm 48.8
Ionic Strength M 0.764
Salinity - 31.6
pH - 7.38
Eh mV 213
Na+ M 0.5010
K+ M 0.0122
Ca2+ M 0.0310
Mg2+ M 0.0585
Cl− M 0.5610
SO2−4 M 0.0229
HCO−3 M 0.0030
CO2−3 M 0.0002
NO−3 M 0.0007
5.3 Methods
5.3.1 Swelling ability
Swell Index
Swell index (SI) tests were conducted following the ASTM D5890 to evaluate the swelling
ability of clay materials. Swell index is an important characteristic for bentonite as it gives
an indirect measure of its eﬀectiveness as hydraulic barrier. Swell index tests were performed
both for untreated clay and HYPER clay 8% in deionized water and seawater. In addition,
bentonite samples were removed from the GCL prototypes (GCL_UC and GCL_HC) sub-
jected to four wet and dry cycles and their swelling capacities in SW were measured (4 W/D
(DW+SW) + SW). The water content of UC and HC at the end of the fourth drying cycle
was equal to 16% and 35% respectively. The wet bentonite was ground with mortar and
pestle till 100% passed the No. 200 sieve before measuring its free swell in SW.
Approximately 90 ml of the test solution was poured into a 100 ml graduated cylinder.
Then, 2 g of the air-dried clay material was added to this solution in ±0.1 g increments
(Fig. 5.2). It is important to wait long enough between every addition of clay so the material
has suﬃcient time to hydrate and settle to the bottom. After the last amount had fully
settled, another 10 ml of the test solution was added so the cylinder reached 100 ml and the
residual clay was removed from the cylinder wall. The cylinder was covered and protected
from disturbance with paraﬁlm to isolate the solution from the surrounding. After at least
16 hours the volume of the swollen bentonite, which is reported as the free swell index (ml/2
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Figure 5.2: Swell index equipment
g), was measured.
Temperature impact on the wet and dry cycles
The inﬂuence of diﬀerent drying temperatures (air-drying at room temperature of 20°C, and
oven drying at 40°C and 60°C) on the behavior of HYPER clay subjected to wet and dry
cycles was investigated and compared to the behavior of untreated bentonite.
The temperature impact was studied using the procedure of the standard FprCEN/TS
14417 which deﬁnes the method for testing the inﬂuence ratio of wetting-drying cycles on
the permeability through GCLs. In the standard a drying temperature of 105°C was rec-
ommended. However, in this research diﬀerent temperatures were used to investigate the
inﬂuence of the temperature on wet and dry cycles. During every wet and dry cycle, the
swelling ability, self-healing capacity and crack formation of both treated and untreated ben-
tonite were measured and comparisons were made. Powder dry bentonite with initial dry
clay mass per unit area of 4.0 kg/m2 and 0.718 porosity was evenly spread between two
ﬁlter papers and drainage layers in a 9 cm diameter oedometer cell (Fig. 5.3). Table 5.3
gives an overview of the diﬀerent samples tested throughout this research. The samples
were hydrated for 48 hours with deionized water in the ﬁrst cycle and with seawater in the
subsequent cycles under an overburden pressure of 4 kPa, as recommended by the standard.
During hydration the sample was wrapped in plastic foil to prevent evaporation. Table 5.3
gives an overview of the diﬀerent samples tested throughout this research.
The samples were dried in a ventilated oven under a seating pressure of 4 kPa untill the
w% of both UC and HC was lower than 25%. The samples that were air-dried were placed
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Table 5.3: Summary of the tested samples
Soil type Drying Temperature Clay mass per unit area [kg/m2]
UC Air-dried 4.0
40°C 4.0
60°C 4.0
HC Air-dried 4.0
40°C 4.0
60°C 4.1
Figure 5.3: Temperature impact test setup
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in a conditioned room with a constant temperature of 20°C.
5.3.2 Hydraulic conductivity
Hydraulic conductivity tests were conducted following the suitable ASTM standards (ASTM
D5084 and D6766). During this research method C (falling headwater and rising tail water
elevation) from ASTM D5084 was used to measure:
1. Reference hydraulic conductivity of GCL prototypes to deionized water;
2. Hydraulic conductivity of GCL prototypes subjected to four wet and dry cycles;
The hydraulic conductivity tests were performed in ﬂexible wall permeameters connected
to a pressure control panel through bladder-accumulators. A bladder-accumulator is a device
that allows using corrosive permeants, such as seawater, preserving the control panel com-
ponents. Through this equipment it is possible to sample the outlet for chemical analysis.
The samples were allowed to saturate, swell and consolidate for a period of 48 h under a cell
pressure of 550 kPa and backpressure of 515 kPa. The permeation was initiated raising the
pressure at the base of the specimen to 530 kPa. This resulted in an eﬀective stress of 27.5
kPa.
Large-scale hydraulic conductivity was investigated by means of a ﬂow box, following
method A (constant head) described in ASTM D5084 by connecting the ﬂow box with a
tank with constant head.
Hydraulic conductivity of GCL prototypes subjected to wet and dry cycles at
diﬀerent drying temperatures
The hydraulic conductivity to seawater of a needle-punched GCL containing untreated clay
(GCL_UC) was compared to that of a needle-punched GCL containing HYPER clay 8%
(GCL_HC). Both samples were initially subjected to four wet and dry cycles with a drying
temperature of 40°C, 60°C and 105°C. Wet and dry cycles were performed following the
Standard FprCEN/TS 14417 which deﬁnes the method for testing the inﬂuence ratio of
wetting-drying cycles on the permeability through GCLs.
Specimens with an area of 200 by 200 mm were cut out of the GCL prototypes provided
by NAUE Company.
Then, tape was added to the edges to prevent bentonite loss (Fig. 5.4 (a)). Each sample
was placed between two drainage layers in a large glass plate. The samples were hydrated
for 48 hours under an overburden pressure of 4 kPa (Fig. 5.4 (b)). The samples were then
dried in an oven set at 40°C until the water content of both GCLs was lower than 25%.
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a  b
Figure 5.4: GCL specimen (200×200 mm) subjected to wet and dry cycles (a). GCL hydration setup
(b)
a  b
Figure 5.5: Cutting the sample from the 200×200 mm panel (a). Hydraulic conductivity test setup
(b)
At the end of the fourth drying cycle, a sample with a diameter of 10 cm was cut from the
panels (Fig. 5.5 (a)) and placed between two porous stones and ﬁlter papers into a ﬂexible
wall permeameter cell. The hydraulic conductivity to seawater was then measured using the
falling head test method (Fig. 5.5 (b)). An eﬀective stress of 27 kPa was applied according
to ASTM D6766.
Large-scale hydraulic conductivity of overlapping panels previously subjected to
wet and dry cycles
The shrinkage and swelling ability of two overlapping GCL panels containing untreated
bentonite (GCL_UC) subjected to wet and dry cycles were investigated. The hydraulic
conductivity was measured then using a metal GCL ﬂow box. The box measured 600 mm
in length, 350 mm in width and 100 mm in height.
Wet and dry cycles were performed following the standard FprCEN/TS 14417. Two GCL
panels (45×43 cm) were cut out of the GCL prototype and tape was added on the edges
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Figure 5.6: Bentonite paste in between the two panels (left). Samples hydrated under an overburden
pressure of 1 kPa (right)
to prevent bentonite loss. The dry clay mass per unit area of the enclosed bentonite in
GCL_UC was equal to 4.2 kg/m2. The GCL panels were placed in between two drainage
layers (70×45 cm) with an initial overlap of 15 cm. A paste made by mixing 300 g of
water and 100 g clay was evenly spread between the panels (Fig. 5.6(left)). The sample was
hydrated for 48 hours with deionized water during the ﬁrst cycle and with seawater during
the subsequent cycle under a seating pressure of 1 kPa (Fig. 5.6(right)). Although the draft
standard prescribes a drying temperature of 105°C, the sample was dried in a 20°C room
because this is more representative of actual site conditions. The drying lasted until the
water content was lower than 25%.
The ﬂow box was used to measure the hydraulic conductivity of the overlapped specimens
with seawater at the end of the fourth drying cycle. The GCL ﬂow box is designed to
measuring GCLs seam overlap and it allows to test larger specimens than that normally
tested in ﬂexible-wall permeameters. Top and cross-sectional views of the GCL ﬂow box are
shown in Fig. 5.7. The area of the metal box used is 610×35.5 mm and it is able to hold
pressure as high as 200 kPa. The large area is separated into four drainage zones providing
the possibility to check for uniformity within a specimen and in particular to check the
overlap sealing. Each drainage zone is provided with two outﬂow ports located in diagonally
opposite corners. Two additional drainage holes are located in the edge seal area to identify
seepage through the periphery of the specimen. The outﬂow from diﬀerent areas beneath
the GCL can be measured independently. The drainage zones are separated by a stainless
steel strip, 4 mm thick, above the base and they measure 305×152 mm (area A, B and D)
and 305×76 mm (area C).
A geotextile was cut out of a roll with equal dimensions of the drainage areas. These
pieces were then placed on the bottom of the box and saturated with seawater (Fig. 5.8(a)).
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Figure 5.7: Top view GCLs Flow box (top). Cross-sectional view of the GCLs ﬂow box (bottom)
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Air bubbles were removed manually. During this process, the outlet ﬁttings on the bottom
of the box were kept closed. Next, the GCLs previously subjected to wet and dry cycles
were cut with equal or slightly greater dimensions of the ﬂow box and inserted (Fig. 5.8(b)).
Two layers of powder bentonite were placed on the edge to improve the seal and slightly
hydrated with deionized water (Fig. 5.8(c)). A 25 mm thick layer of sand was spread on
top of the GCL followed by a geotextile. The geotextile was used to protect the diaphragm,
which was then inserted, from puncture. A small piece of sponge was inserted in the ﬂush
port to avoid sand escaping. The diaphragm ﬂange was ﬁnally clamped between the box
sides and lid (Fig. 5.8(d)).
A conﬁning pressure was applied to the GCL by ﬁlling the space above the diaphragm
with water using a standpipe. Once the diaphragm was ﬁlled, the pressure was controlled
by the panel commonly used for hydraulic conductivity tests. A water tank was placed next
to the ﬂow box (Fig. 5.8(d)) and it provided a constant hydraulic head inﬂow of 30 cm
(approximately 3 kPa) above to the GCL through the inﬂow port (Fig. 5.7). The saturation
process was carried out by increasing the total pressure to 12 kPa so that the eﬀective
stress was 8 kPa. Then, the seawater was ﬂushed through both the inlet ports until all
visible air bubbles have been removed. The GCLs were left to hydrate for 48 hours in these
conditions and ﬂushing was repeated several times to facilitate water absorption throughout
the panels. The GCL sample was allowed to saturate, swell and consolidate for a period
of 48 hours, two times a day the ﬂush port (see Fig. 5.7) was opened to allow ﬂushing to
remove air bubbles. During ﬂushing the ﬂush port was kept open, whereas it was closed
during hydration. Before initiating permeation, the series of outﬂows placed farther from
the inﬂow port were connected to 140 mm tubes and the ﬂush port was closed. Then, the
permeation was started by raising the total pressure to 30 kPa so that the eﬀective stress
applied was 27 kPa.
5.4 Results
5.4.1 Swelling improvement of polymer treated clay after wet and
dry cycles
Swell index test
Swell index tests were performed as quality test both for UC and HC with deionized water
(DW) and seawater (SW). As it can be seen in Fig. 5.9, the treatment with the anionic
polymer improved the swelling ability of the treated clay both in DW and, before and after
4 wet and dry cycles, in SW.
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(a) (b)
(c) (d)
Figure 5.8: Flow box preparation: geotextiles are placed between the drainage area (a); overlapped
GCL is placed in the ﬂow box (b); powder bentonite is placed on the edges of the box (c); ﬁnal setup
conﬁguration (d)
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The swell index (SI) of UC and HC in DW was equal to SI = 34 ml/2g and 45 ml/2g
respectively. The polymer present in HC likely increased the thickness of the DDL leading
to a higher swelling of the bentonite in DW. This was conﬁrmed by Di Emidio (2010), who
showed that increasing the polymer dosage results in a higher swell index and higher basal
spacing. This observation was demonstrated with XRD analysis. However, the swell index
of UC in DW is not very representative due to the presence of macropores leading to an
overestimation of the real swelling ability. A possible explanation is the transition of the
dispersed soil structure towards a card house structure (Lagaly 2006). No macropores were
present for HC in DW probably because the polymer increases the thickness of the DDL
ﬁlling up all the voids. Additionally, swell index tests performed with DW caused turbidity
in the test tubes both for UC and HC. This might be due to the low concentration in the
permeating ﬂuid which allows the DDL to resist collapse. Therefore, the forces induced by
the DDL do not permit the clay particles to bond with one another, making them stay in
suspension. This eﬀect is even more pronounced for polymer modiﬁed bentonite, leading to
an underestimation of the swell index.
For UC and HC a swell index of SI = 6 ml/2g and SI = 8 ml/2g respectively was recorded
in seawater. Therefore, the free swell of both treated and untreated bentonite signiﬁcantly
decreased when SW was used instead of DW. This observation is in agreement with the
Gouy-Chapman theory which states that hydrating bentonite with seawater leads to the
compression of the diﬀuse double layer. This causes a decrease in the amount of attracted
water aﬀecting the swelling performance. The polymer present in HC likely maintains the
interlayer open when permeated with an electrolyte solution resulting in a higher swell index
compared to UC. However, there is only a little diﬀerence between the SI of HC and UC
in SW. This observation was also proven by Janssen et al. (2015). They showed that the
positive eﬀect on the swell index of the added polymer is visible to a lesser extent in seawater
compared to lower ionic strength solutions.
Jo et al. (2001) showed that there is an inverse relationship between the swell index
and hydraulic conductivity: a high free swell implies a low permeability. Therefore, based
on these results we would expect that the hydraulic conductivity of UC and HC to SW is
similar. On the contrary, several studies (De Jaegher 2013; Di Emidio 2010; Janssen et al.
2015; Seurynck 2012) showed that the hydraulic conductivity of HC+2% to SW is more
than one order of magnitude lower compared to UC. As the hydraulic conductivity of HC
decreases with increasing polymer dosage (Di Emidio 2010), it can be concluded that the
hydraulic conductivity of HC to SW might be even lower compared to HC+2%. This result
indicates that the low hydraulic conductivity of the polymer treated clay is due to other
factors not revealed by the swell index test. For this reason, hydraulic conductivity testing
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Figure 5.9: Swell index results of unaged and after wet and dry cycles of untreated Na-activated
bentonite (UC) and HYPER clay 8% (HC). DW = deionized water. SW = seawater
is often recommended when polymer modiﬁed bentonite GCLs are tested for compatibility.
After four wet and dry cycles, the free swell of UC and HC in SW was equal to 3.5 ml/2g
and 14 ml/2g respectively. The low swell index of UC subjected to 4 wet and dry cycles
indicates that the diﬀuse double layer likely collapsed during wet and dry aging leading
to a low swelling ability. This decrease in swell index is consistent with Benson and Meer
(2009). They showed that the SI of a sodium bentonite signiﬁcantly dropped after one wet
and dry cycle and further decreased during the consecutive cycles when a high electrolyte
solution was used. For HC on the other hand, surprisingly the free swell in SW after four
wet and dry cycles was higher compared to the swell index in SW before wet and dry ageing.
Furthermore, the recorded free swell was 4 times higher compared to UC. This indicates that
the polymer was probably not washed out during wet and dry aging. Therefore, the anionic
polymer maintains a thick DDL when hydrated with a high electrolyte solution even after
four wet and dry cycles.
Temperature impact: water adsorption
The water content (w%) of UC and HC dried at diﬀerent temperatures in function of the
number of wetting cycles is shown in Fig. 5.10.
As expected, the highest water content was obtained at the end of the ﬁrst wetting cycle
in deionized water.
For untreated bentonite, the water content at the end of the ﬁrst wetting ranged between
177% and 236%. HYPER clay 8% demonstrated a larger water adsorption compared to
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Figure 5.10: Water content at the end of each wetting cycle for diﬀerent drying temperatures of
untreated Na-activated bentonite (UC) and HYPER clay 8% (HC)
untreated clay and had an initial water content ranging between 270% and 310%. However,
the water content of HC (40°C) was not within this range and was lower compared to UC
(40°C). This lower initial water content was probably caused by a diﬀerent way of hydration.
When deionized water is slowly added inside the oedometer cell, the bentonite uptakes this
water forming an impermeable disk. Therefore, no water was present inside the plastic
oedometer ring leading to a hydration only from the bottom (Fig. 5.11 (left)). On the other
hand, the higher hydraulic conductivity and the lower water adsorption capacity of UC to
DW compared to HC (Liquid limit LL = 625% for UC vs. LL = 766% for HC) and the
presence of the cracks at the beginning of the subsequent cycles resulted in the presence of
the solution inside the oedometer ring for UC and in the consecutive cycles. Furthermore,
some water was added inside the ring during the ﬁrst wetting for the sample HC which were
air-dried at about 20°C and dried at 40°C. In this way, all the other samples were completely
immersed in the solution leading to a higher water adsorption (Fig. 5.11 (right)).
A replicate of HC (40°C) was made in order to see the inﬂuence of the initial water
content on the water adsorption during the subsequent cycles. Fig. 5.10 shows that although
the initial water content of this replicate was located within the range, the water content at
the end of the second wetting cycle in SW was equal to the water content of the ﬁrst sample.
For all the samples containing untreated clay, the water content signiﬁcantly dropped
to about 160% during the second wetting cycle in SW. This is consistent with the Guoy-
Chapman theory which states that hydration with a high electrolyte solution results in a
lower thickness of the diﬀuse double layer leading to a lower water adsorption and swelling
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Figure 5.11: Hydration from bottom (left). Hydration from bottom and top (right)
ability. On the other hand, the water content of HC slowly air-dried was slightly lower
during the second wetting in SW compared to the ﬁrst wetting in DW. This is due to
the adsorption of the polymer that keeps the interlayer open when hydrated with a high
electrolyte solution leading to a high water adsorption. The water content of HC dried at
40°C decreased upon rehydration with SW to w% = 200% but was still higher compared to
UC. A similar observation can be made of HC dried at 60°C (w% = 165%). However, the
decrease in w% of the sample dried at 60°C was higher compared to the sample dried at
40°C. This might be related to the formation of a low permeable shell around the polymer
treated bentonite surface during drying at 40°C. As a consequence, rehydration may be more
diﬃcult resulting in unhealed cracks and lower water adsorption at the end of the second
wetting cycle. However, this phenomenon might be overcome by wetting the samples for
longer time.
At the end of the third wetting cycle, the water content of UC air-dried at 20°C, dried
at 40°C and at 60°C was equal to 122%, 138% and 147% respectively. Therefore, the
w% increased unexpectedly with increasing drying temperature. This might be due to the
diﬀerence in crack width that diminishes with increasing drying temperature (Fig. 5.12).
Rehydration of a sample containing cracks with a smaller width results in a higher water
adsorption as smaller cracks close more easily (Egloﬀstein 2001). The water content of
HYPER clay 8% was higher compared to UC at the end of the third wetting cycle for all the
drying temperatures. However, the w% of HC air-dried at the end of the third wetting was
signiﬁcantly lower compared to the second wetting cycle. This might be due to the presence
of large cracks at the end of the second drying cycle (Fig. 5.12). The water contents of
HC dried at 40°C and at 60°C did not decrease during the third wetting cycle and were
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comparable to the w% at the end of the second wetting cycle.
The water content of UC dried at at air temperature of about at 20°C at the end of the
fourth wetting cycle was comparable to the third wetting cycle. For the sample dried at
40°C, the water content remained constant in the two consecutive wetting cycles. The water
content of the sample dried at 60°C further decreased during the fourth wetting cycle but
then remained constant during the ﬁfth cycle. For HYPER clay on the other hand, the water
content of the sample which was slowly air-dried slightly decreased during the fourth wetting
but was still higher compared to UC. For HC, drying at 40°C resulted in a small decrease
in water content during the fourth wetting cycle. However, the water content of HC (40°C)
remained constant during the ﬁfth wetting cycle. For the sample of HC dried at 60°C, the
water content slightly decreased with increasing wetting cycles. Rewetting bentonite with
SW likely compressed the DDL resulting in a lower water adsorption. However, the decrease
is considerably smaller compared to untreated clay dried at 60°C.
Therefore, it can be concluded that HYPER clay showed higher water adsorption during
each cycle independently of the drying temperature. This demonstrates the positive eﬀect of
the adsorption of the anionic polymer that maintains a thick diﬀuse double layer even after
4 wet and dry cycles at air temperature of about at 20°C and 5 cycles at 40°C and at 60°C.
The water content at the end of each drying cycle for all the diﬀerent samples is shown in
Fig. 5.13. The ﬁrst drying cycle of the samples desiccated at room temperature of 20°C was
ceased after one month resulting in a high ﬁnal water content. All the other drying cycles
were terminated when the water content of both UC and HC was smaller than 25%.
From Fig. 5.13 it is possible to draw the following observations:
1. The water content of UC was lower compared to HC at the end of each drying cycle.
This is due to the adsorption of the anionic polymer Na-CMC in the HYPER clay that
results in a higher water retention;
2. The termination criteria was reached more rapidly with increasing drying temperature;
3. The water content decreased signiﬁcantly with increasing number of cycles at a given
drying temperature. This is likely due to a lower thickness of the DDL resulting in
weaker water bonding.
Temperature impact: vertical swell
The vertical swell is deﬁned as the increase in elevation of soil and it is measured based on
Eq. 4.1. The initial height of UC and HC was equal to 8.8 mm and 7.9 mm respectively. The
vertical swell of all the samples at the end of each wetting cycle is represented in Fig. 5.14.
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Figure 5.12: Untreated Na-activated bentonite (UC) and HYPER clay 8% (HC) at the end of
each wet and dry cycle for diﬀerent drying temperatures (air-drying at room temperature of 20°C,
40°C and 60°C)
131
5.4 Results
Figure 5.13: Water content at the end of a drying cycle of untreated Na-activated bentonite (UC)
and HYPER clay 8% (HC) vs number of drying cycles for diﬀerent drying temperatures
Figure 5.14: Vertical swell at the end of each wetting cycle of untreated Na-activated bentonite (UC)
and HYPER clay 8% (HC) at diﬀerent drying temperatures
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As expected, the largest swell was obtained during the ﬁrst cycle with deionized water.
The untreated bentonite dried at 20°C and 60°C showed a maximum swell of about 3 mm,
while the sample dried at 40°C showed a slightly larger swell of 5 mm. Rewetting the samples
with seawater, during the second cycle, did not induce any vertical swell which is consistent
with the Guoy-Chapman theory.
For UC dried at 20°C, the swell decreased gradually during the consecutive cycles. In-
creasing the drying temperature from 20°C to 40°C resulted in a nearly constant swell during
the third and fourth cycle. However, the swell further decreased during the ﬁfth wetting with
seawater. The sample dried at 60°C showed similar swelling during the third wetting com-
pared to the second wetting. Though, the swell dropped during the fourth wetting and then
slightly increased during the ﬁfth wetting.
For HC on the other hand, the vertical swell in DW was always higher compared to UC
except for the sample dried at 40°C. This might be due to the diﬀerent hydration procedure
as discussed earlier (Fig. 5.11). Indeed, the vertical swell of the replicate of HC dried at
40°C in DW was higher compared to UC (40°C) (h=8 mm for HC and h = 5.5 mm for UC).
The swell of the sample HC dried at 20°C slightly increased during the second wetting.
The swell then dropped during the third wetting but was still higher compared to UC. This
is comparable with the trend observed in Fig. 5.10 that represents the water content at the
end of each wetting cycle. Further increasing the drying temperature from 40°C to 60°C,
resulted in a linear decreasing swell during the three consecutive cycles. The swell then
remained constant during the fourth and ﬁfth wetting. Therefore, the swell of HC was still
consistent until the fourth cycle for all three drying temperatures while UC already collapsed
during the second wetting with SW.
The swell of HYPER clay 8% was always higher compared to UC independently of the
drying temperature. Consequently, the hydraulic conductivity of HC will probably be lower
compared to UC after wet and dry cycles using seawater (Meer and Benson 2007). This
observation was then conﬁrmed in section 5.4.2.
Temperature impact: self-healing capacity
Each sample was subjected to a visual inspection to investigate the desiccation pattern at
the end of the drying cycle and the self-healing capacity after rewetting. Fig. 5.12 shows
the samples of UC and HC at the end of each wet and dry cycle for the diﬀerent drying
temperatures.
At the end of the ﬁrst drying cycle, no cracks were visible in the samples which were
slowly air-dried at room temperature of 20°C. Drying the samples at 40°C on the other
hand, resulted in few cracks both in UC and HC. In untreated clay, one big crack crossing
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the full sample was visible whereas the cracks in HC started at the edges and did not reach the
core of the sample. Further increasing the drying temperature from 40°C to 60°C resulted in
more cracks both for UC and HC. Therefore, increasing the drying rate led to the formation
of more cracks both for untreated and polymer treated bentonite.
Visual inspection showed that the cracks present in the samples dried at 40°C likely healed
upon rewetting with SW. Drying the samples at 60°C did not only result in the formation
of more cracks but also apparently lower the self-healing capacity upon rehydration with
SW. This could be due to the formation of a shell around the cracks of the HYPER clay
sample. Two days of hydration might not be enough and more days may be needed to
heal the cracks in HC dried at 60°C. On the contrary, the cracks present in untreated clay
(60°C) seemed to be healed upon rewetting with SW. However, as stated before the water
adsorption and vertical swell of UC signiﬁcantly decreased during the second wetting with
SW which indicates the collapse of the DDL. HYPER clay on the contrary showed higher
water adsorption and swelling compared to UC and a lower hydraulic conductivity to SW
was observed as it can be seen in section 5.4.2.
Both UC and HC experienced desiccation cracking during the consecutive drying cycles at
20°C, 40°C and 60°C. It is clear from Fig. 5.12 that the area of intact bentonite between the
cracks decreased with increasing drying temperature. Slowly air-drying at about at 20°C
the bentonite resulted in a desiccation network where the width of the cracks was larger
than at 40°C or 60°C. This is consistent with the results obtained by Take et al. (2012) who
compared the desiccation behavior of a GCL slowly air-dried at 20°C and a GCL rapidly
dried in an oven set at 60°C using an X-ray image. Furthermore, the amount of cracking
in UC and HC at the end of the third and fourth drying cycles was similar to the second
drying for all three drying temperatures. This is in accordance with the research of Yesiller
et al. (2000) who investigated desiccation cracking of three compacted liner soils subjected
to wet and dry cycles and found that the amount of cracking does not change signiﬁcantly
after the second cycle.
Comparing the samples dried at 40°C and 60°C at the end of the ﬁfth wetting cycle with
SW, some surface cracks were visible for HC while the surface of UC seemed smooth. How-
ever, the water adsorption and vertical swell of the polymer treated bentonite was higher
compared to UC as it can be seen in Fig. 5.10 and Fig. 5.9. This indicates that the diﬀuse
double layer of the polymer treated bentonite was still suﬃciently thick while for untreated
clay the diﬀuse double layer collapsed due to wet and dry aging. Indeed, hydraulic conduc-
tivity tests, described in section 5.4.2, demonstrated that the hydraulic conductivity to SW
of the GCL containing HC initially subjected to 4 wet and dry cycles, was two orders of
magnitude lower compared to the GCL containing untreated clay.
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Figure 5.15: Hydraulic conductivity of GCL_UC and GCL_HC to deionized water versus time
This indicates that some quality tests, such as determination of the self-healing capacity
of the bentonite based on visual inspection, is not suﬃcient for polymer treated bentonite
and actual hydraulic conductivity tests are recommended.
5.4.2 Eﬀect of polymer treatment on the hydraulic conductivity
Reference hydraulic conductivity to deionized water of GCL prototypes
Fig. 5.15 and Fig. 5.16 show the hydraulic conductivity to deionized water of GCL_UC and
GCL_HC as a function of time and pore volume of ﬂow, respectively.
Although both samples presented low hydraulic conductivity to deionized water, the
permeability of the GCL containing HYPER clay was slightly lower (k=7.16×10−12 m/s)
compared to the conventional GCL (1.07×10−11 m/s). At the end of the tests, GCL_HC
presented a water content equal to 290.31%, much higher compared to the one of GCL_UC
(153.55%). This diﬀerence explains the lower hydraulic conductivity of HYPER clay. The
polymer treatment helps to maintain a thick diﬀuse double layer, enhancing water adsorption.
Hydraulic conductivity of GCL panels subjected to wet and dry cycles
Investigation of the swelling ability, water adsorption and self-healing capacity of HYPER
clay subjected to wet and dry cycles at diﬀerent drying temperatures gives a ﬁrst qualitative
indication of the eﬀectiveness of the bentonite in GCLs. However, the most important
characteristic of GCLs is the hydraulic conductivity.
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Figure 5.16: Hydraulic conductivity of GCL_UC and GCL_HC to deionized water versus pore
volume of ﬂow (PVF)
The eﬀect of wet and dry cycles on the hydraulic conductivity of GCL_UC and GCL_HC
was evaluated. The impact of diﬀerent drying temperature was also studied. Therefore, this
section analyses the performance of GCL prototypes tested with the following conditions:
1. DW + 3SW_40°C: deionized water was used during the ﬁrst cycle and seawater in
the consecutive cycles. The samples were dried at 40°C;
2. DW + 3SW_60°C: deionized water was used during the ﬁrst cycle and seawater in
the consecutive cycles. The samples were dried at 60°C;
3. 4SW_60°C: four wet and dry cycles with seawater. The samples were dried at 60°C;
4. 4SW_105°C: four wet and dry cycles with seawater. The samples were dried at 105°C.
Wet and dry cycles impact on crack formation of GCL prototypes
As it can be seen in Fig. 5.17, both GCLs presented a signiﬁcant amount of cracks at the
end of the fourth drying cycle. The water contents during the cycles at the diﬀerent drying
temperatures and conditions are listed in Table 5.4, Table 5.5 and Table 5.6. The water
contents of the samples tested at 105°C were not recorded during the cycles.
As expected, the time required to achieve a water content ≤ 25% was reduced increasing
the drying temperature. In particular, at 60°C the three steps trend of the water content loss
described by Tang et al. (2011b) was not visible due to the short drying time. Indeed, the
desiccation process was more drastic likely due to the higher temperature. Water evaporation
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Figure 5.17: Crack patterns of GCL prototypes containing untreated Na-activated bentonite (Clay,
UC) and HYPER clay 8% after four wet and dry cycles
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Table 5.4: Water content at the end of the wet and dry cycles at 40°C of the GCL panels containing
untreated Na-activated bentonite (UC) and HYPER clay 8% (HC)
Water content % UC HC
DW + 3SW 40°C time [days] WET DRY WET DRY
1 cycle 9 195.98 8.98 242.44 26.51
2 cycle 6.1 149.25 14.8 153.37 23.08
3 cycle 7 129.71 5.97 144.8 23.08
4 cycle 6 125.89 10.9 150.8 20.04
Table 5.5: Water content at the end of the wet and dry cycles at 60°C of prehydrated GCL panels
containing untreated Na-activated bentonite (UC) and HYPER clay 8% (HC)
Water content % UC HC
DW + 3SW 60°C time [days] WET DRY WET DRY
1 cycle 4 324.4 1.67 353.51 25.07
2 cycle 3 140.27 4.4 201.64 18.65
3 cycle 3 141.6 4.4 192.89 14.98
4 cycle 3 138.45 3.49 181.45 23.69
occurred in a shorter period of time compared to 40°C. Moreover, in agreement with the
ﬁnding of Take et al. (2014) and the results obtained in section 5.4.1, the crack widths
decreased increasing drying temperature. However, this behavior was less pronounced in
HYPER clay. Comparing the samples dried at 60°C and 105°C (Fig. 5.17), the surface of
intact bentonite among cracks was similar. This can be a bidirectional information as with
high solution concentrations on one side the samples experienced more crack formation, on
the other side the small crack width promotes a faster healing of the bentonite upon rewetting
leading theoretically to lower hydraulic conductivity.
Comparing the values reported in Table 5.5 and Table 5.6, it is possible to notice that
the time required to achieved the target water content is equal either if the samples were
prehydrated or if they were direct exposed to seawater. However, the water contents of
untreated bentonite at the end of the cycles of the samples directly exposed (4SW_60°C)
Table 5.6: Water content at the end of the wet and dry cycles at 60°C of direct exposed GCL panels
(4SW) containing untreated Na-activated bentonite (UC) and HYPER clay 8% (HC) to seawater
Water content % UC HC
4SW 60°C time [days] WET DRY WET DRY
1 cycle 4 225.5 2.35 250.8 16.29
2 cycle 3 133.44 3.27 168.13 15.4
3 cycle 3 117.31 6 158.91 11
4 cycle 3 134.38 2.35 154 9.23
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were lower compared to the prehydrated samples (DW + 3SW_60°C). It is therefore likely
that deionized water helped to delayed the compression of the diﬀuse double layer improving
water adsorption to a greater extend of number of cycles. On the contrary, the direct exposure
to electrolyte solution might reduce crack formation, as explained by Tang et al. (2011b) and
found in the tested samples of this research (Fig. 5.17). Direct contact with seawater likely
resulted in lower saturation vapor pressure, due to the high salt concentration. Therefore
the driving force for evaporation is reduced leading to fewer cracking.
In contrast to earlier outcomes (section 5.4.1), the water adsorption was not aﬀected from
the increasing drying temperature. A possible explanation may be the presence of the needle-
punched geotextiles which leads to a more uniform distribution of the crack pattern and water
adsorption. The needles might be considered as discontinuity points between bentonite clogs.
As explained by Tang et al. (2011b), crack formation begins from surface defects which in
this case might be the needles of the GCLs. Nevertheless, GCL_HC improved the water
adsorption from 40°C to 60°C. A note of caution is due here since this result might be due to
the higher water content of the ﬁrst cycle to deionized water which was unexpectedly higher
at 60°C.
In general GCL_HC showed always higher water content both, at the beginning of the
wetting cycles and at the end of the drying cycles. HYPER clay reached a water content ≤
25% at a slower time rate compared to GCL_UC. As the drying cycles last the same number
of days for both specimens, GCL_HC showed always higher water retention capacity. On
the contrary, untreated bentonite experienced severe desiccations. This behavior is likely to
be connected to the presence of the anionic polymer which improves water retention.
Visual inspection of GCL panels after wet and dry cycles revealed a darker color of
the GCL containing HYPER clay (Fig. 5.17). Possible explanations can be the higher water
content and the formation of an impermeable shell around the bentonite clogs which improved
the water retention, as showed already in Chapter 4.
Wet and dry cycles on the hydraulic performance of GCL prototypes
Fig. 5.18 compares the hydraulic conductivity of the GCLs containing untreated bentonite
(GCL_UC) and HYPER clay 8% (GCL_HC) after four wet and dry cycles at 40°C versus
time and pore volume of ﬂow (PVF). The GCL samples were ﬁrst subjected to the ageing
process and then permeated with seawater.
As expected, the hydraulic conductivity after wet and dry cycles increased compared to
the reference value in deionized water (Fig. 5.15) of about three orders of magnitude for
untreated clay and one order of magnitude for HYPER clay. This increase was caused by
the solution concentration eﬀect on the diﬀuse double layer thickness. Therefore, cracks
139
5.4 Results
formed during desiccation were probably not healed upon rehydration with seawater due to
the reduced swelling ability of the materials.
Although HYPER clay needed more days before fulﬁlling termination criteria of the
hydraulic conductivity test, it presented an hydraulic conductivity of about two orders of
magnitude lower compared to untreated clay after 48 days. The hydraulic conductivity of
HYPER clay was in fact k=1.79×10−10 m/s whereas the hydraulic conductivity of untreated
clay was k=7.95×10−9 m/s. Moreover, 8.9 PVF passed through the sample of untreated
bentonite in this elapsed time whereas the PVF of HYPER clay were 2.18. This result
suggests that the polymer addition improves the barrier performance of the bentonite. The
HYPER clay treatment enhanced interlayer separation during hydration, even in presence of
seawater, and limited aggregation between particles. The water adsorption is likely improved,
promoting the self-healing of the bentonite after dry cycles.
The hydraulic conductivity versus time and pore volume of ﬂow of the GCL samples
subjected to wet and dry cycles at 60°C are plotted in Fig. 5.19. Empty marks represent
the performance of the GCL containing untreated clay (GCL_UC) and full marks represent
the behavior of the GCL with HYPER clay (GCL_HC).
GCL_UC_DW+SW presented an hydraulic conductivity three orders of magnitude
higher compared to HYPER clay (6.67×10−7 m/s versus 9.48×10−9 m/s). Although the
crack width is reduced at high temperatures (see previous section), untreated bentonite pre-
sented very high permeability. This behavior might be related to the compression of the
diﬀuse double layer due to the high concentration and the multivalence ions in the solu-
tion. The compression of the DDL impaired irreversibly the swelling ability of the bentonite,
which was not able to heal its cracks upon rewetting. On the other hand, HYPER clay
showed lower hydraulic conductivity compared to untreated clay. In section 5.4.1, it has
been demonstrated that the swelling ability is improved with the HYPER clay treatment.
Therefore, this feature likely helped HYPER clay to sealed its cracks. The anionic poly-
mer likely maintains the diﬀuse double layer open, even in presence of a strong electrolyte
solution.
The impact of direct exposure to seawater is presented in Fig. 5.19 (together with the
DW + 3SW series).
Initially, GCL_HC presented higher permeability compared to GCL_UC. The trend
shifted after about 100 days and 40 PVF when the hydraulic conductivity of HYPER clay
decreased until reaching a stable value of 8.48×10−10 m/s. On the other hand, the ﬁnal
hydraulic conductivity of the GCL containing untreated clay was 1.21×10−8 m/s. The
gradual achievement of stable hydraulic conductivity might be due to the slow hydration of
the impermeable shell around the bentonite clogs. Nevertheless, the HYPER clay treatment
140
Chapter 5. Eﬀect of wet and dry cycles on GCLs prototypes
Figure 5.18: Hydraulic conductivity of GCL_UC and GCL_HC subjected to wet and dry cycles at
40°C versus time (a) and pore volume of ﬂow (b). The samples were hydrated with deionized water
(DW) during the ﬁrst cycle and seawater (SW) in the consecutive cycles before being permeated with
seawater
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Figure 5.19: Hydraulic conductivity of GCL_UC and GCL_HC subjected to wet and dry cycles at
60°C versus time (a) and pore volume of ﬂow (b). The samples were hydrated with deionized water
(DW) during the ﬁrst cycle and seawater (SW) in the consecutive cycles before being permeated with
seawater
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had a positive impact on the performance of a GCL subjected to wet and dry cycles with
seawater.
Test results obtained following the Standard FprCEN/TS 14417 which deﬁnes the method
to assess the inﬂuence of wet and dry cycles on GCLs are plotted in Fig. 5.20. The samples
were subjected to a rapid 24 hours drying at 105°C in order to speed up the procedure.
The water content at the end of the cycles was 8.59% for untreated clay and 13.7% for
HYPER clay. The GCL containing untreated bentonite resulted to be aﬀected by a severe
desiccation. On the contrary, although HYPER clay experienced numerous cracks, the intact
surface of the bentonite clogs were larger than those of untreated bentonite. In addition, an
impermeable shell might have been formed around the polymer treated bentonite clogs.
The hydraulic conductivity of GCL_UC and GCL_HC were similar for the ﬁrst 20 days.
Afterwards, the permeability of GCL_UC stabilized to a value of 1.68×10−8 m/s, when
the hydraulic conductivity of GCL_HC was about 1.86×10−9 m/s (one order of magni-
tude lower). The fulﬁllment of the termination criteria lead to GCL_HC a permeability
of 1.56×10−10 m/s of GCL_HC. This trend might be explained by the slow hydration of
the impermeable shell which then promotes the hydration of the bentonite inside the clogs
enhancing the swelling ability of HYPER clay.
These data should be interpreted with caution because the seawater used was milder
compared to that of the previous section (EC = 30.3 mS/cm versus EC = 48.8 mS/cm),
therefore a direct comparison can not be made.
Temperature impact on the hydraulic conductivity of GCL prototypes subjected
to wet and dry cycles at diﬀerent drying temperatures
The impact of diﬀerent drying temperatures on the hydraulic conductivity of GCL prototypes
is shown in Fig. 5.21. The graph represents the hydraulic conductivity of the GCLs containing
untreated bentonite (GCL_UC) and HYPER clay 8% (GCL_HC) after four wet and dry
cycles versus drying temperature.
The hydraulic conductivity of GCL_UC (DW+3SW) dried at 40°C was two orders of
magnitude lower than that at 60°C. GCL_HC (DW+3SW) showed a similar trend, in-
creasing the drying temperature from 40°C to 60°C the hydraulic conductivity increased of
about two orders of magnitude. However, the permeability of GCL_HC (DW+3SW) was
almost two orders of magnitude lower compared to GCL_UC (DW+3SW) independently
of the drying temperature. This indicates that wet and dry cycles showed lower impact on
HYPER clay compared to untreated clay.
Contrary to expectations, the hydraulic conductivity of the samples directly exposed to
the high electrolyte solution was lower compared to prehydrated samples. This outcomes
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Figure 5.20: Hydraulic conductivity of GCL_UC and GCL_HC subjected to wet and dry cycles at
105°C versus time (a) and pore volume of ﬂow (b). The samples were directly hydrated with seawater
(SW)
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Figure 5.21: Hydraulic conductivity of GCL_UC and GCL_HC subjected to wet and dry cycles
versus diﬀerent drying temperatures. DW+3SW = ﬁrst cycle in deionized water and three cycles in
seawater. 4SW = direct exposure to seawater
are supported by the ﬁndings of Take et al. (2014) and the results obtained in section 5.4.1.
As the crack widths decreased, the bentonite was able to partially heal them. However, at
the microscale the bentonite is aﬀected by the compression of the diﬀuse double layer due
to the contact with the high electrolyte solution, seawater. Therefore, the swelling capacity
is reduced and the bentonite forms agglomerates promoting the formation of preferential
ﬂow paths. On the other hand, the HYPER clay treatment likely helped to maintain a
thick diﬀuse double layer leading to an hydraulic conductivity one order of magnitude lower
than that of GCL_UC (4SW). The low hydraulic conductivity of GCL_HC indicates that
the swelling of the polymer treated bentonite eventually closed the cracks formed during
desiccation both at 40°C and 60°C.
The hydraulic conductivity results are consistent with the ﬁndings obtained from the
swell index tests, swell pressure tests (Chapter 6) and temperature impact investigation.
Section 5.4.1 clearly showed that the swelling ability of HC dried at 40°C was higher com-
pared to UC after four wet and dry cycles using seawater. This demonstrated that the
adsorption of the polymer helped to maintain the diﬀuse double layer open during hydration
with SW after four wet and dry cycles. Therefore, the formation of preferential ﬂow paths
is limited because the bentonite healed its cracks on rehydration. This results in a lower
hydraulic conductivity to SW of GCL_HC compared to GCL_UC. Moreover, the samples of
the temperature impact test in section 5.4.1 showed that increasing the drying temperature
from 40°C to 60°C resulted in a lower water adsorption (Fig. 5.10) for both UC and HC
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Figure 5.22: Hydraulic conductivity of GCLs containing modiﬁed bentonites subjected to wet and
dry cycles
during the ﬁfth wetting with SW. This might explain the increase in hydraulic conductivity
for the panels dried at 60°C.
Fig. 5.22 shows an overview of literature results of modiﬁed bentonites subjected to
wet and dry cycles. Mazzieri and Pasqualini (2008) and Mazzieri et al. (2016) reported
the performance of DPH-GCL and MSB subjected to wet and dry cycles with CaCl2 and
seawater. In the graph, the triangles represent GCL containing HYPER clay 8%, the squares
are DPH-GCL and the diamond is MSB.
Following a summary of the test conditions:
1. GCL_HC: is the needle-punched GCL prototype tested in this research. It was sub-
jected to four wet and dry cycles ﬁrst and then permeated. The hydration was either
with DW+3SW or 4SW, dried at 40°C and 60°C. The ionic strength (IS) of seawater
used was 0.77 M;
2. DPH (Mazzieri and Pasqualini 2008): subjected to four wet and dry cycles with 0.0125
CaCl2 (IS = 0.075 M) dried at 35°C until constant weight;
3. DPH and MSB (Mazzieri and Pasqualini 2006): subjected to ﬁve wet and dry cycles
with seawater (IS = 0.71 M) and dried at 35°C until constant weight.
The GCLs tested in the current study undergone the worst conditions as the hydrating liquid
was the most aggressive of the three mentioned above (IS=0.77 M versus IS = 0.075 M and
IS = 0.71 M), the drying temperatures were the highest and severe desiccation occurred.
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In addition, the needle-punched GCL might produce more cracks compared to the MSB
poured in the oedometer as powder bentonite and the DPH-GCL where the bentonite and
geotextiles are united by simply pressing them together.
Based on this observations, the ﬁndings of this research provided promising results for
GCL_HC. The hydraulic conductivity of GCL_HC was lower compared to the DPH-GCL
values, reported by Mazzieri and Pasqualini (2008), which were obtained by the mildest
conditions among the three mentioned above due to the low aggressiveness of the electrolyte
solution used. Comparing the performance of the samples subjected to four wet and dry
cycles with seawater (SW), GCL_HC and DPH-GCL presented comparable permeability.
Although the highest IS of the hydrating solution and the presence of the needles, GCL_HC
was able to provide good hydraulic performance in contact with seawater.
Large-scale hydraulic conductivity of GCL prototypes subjected to wet and dry
cycles
In situ, GCLs are installed by overlapping the panels and placing bentonite paste in between
to provide a better seal. The key factor to assure low hydraulic permittivity of the overlapped
section is the good self-healing capacity at the interface between the two GCL panels. How-
ever, if GCLs are left uncovered one potential issue is the loss of overlap due to environmental
eﬀects. This could result in a signiﬁcant increase of the hydraulic conductivity.
The eﬃciency of 15 cm overlap seam with bentonite paste of a conventional GCL pre-
viously subjected to wet and dry cycles in seawater was tested by means of hydraulic con-
ductivity test with a GCLs ﬂow box. The ﬁrst cycle was in DW while for the consecutive
cycles SW was used. The panels were air-dried in a conditioned room at 20°C till the w%
was lower than 25%.
Fig. 5.23 shows the permittivity results to seawater of an overlapped sample of GCL_UC
after being subjected to four wet and dry cycles (DW+3SW) at 20°C compared to a single
sheet sample of GCL_UC after four wet and dry cycles (DW+3SW) at 40°C. The letters
in the legend (A to D) correspond to the diﬀerent sections of the ﬂow box as indicated in
Fig. 5.7. The permittivity was calculated based on the area of the corresponding sections.
As the test started, seawater ﬂowed rapidly out of every drainage section due to the
cracks formed during the wet and dry cycles. Seawater likely inhibited the swelling of the
bentonite preventing the self-healing mechanism of the overlap and of the cracks present in
section C and D.
The test was concluded when the permittivity became constant (Ψ = 1.1×10−7 s−1).
The sample was then permeated with a colored dye (rhodamine) to check for the presence
of preferential ﬂow paths caused by unhealed cracks. In contrast to earlier ﬁndings (Daniel
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Figure 5.23: Permittivity of overlapping GCLs (GCL_UC) after being subjected to four wet and
dry cycles (DW+3SW) at 20°C and permittivity of a single GCL_UC subjected to four wet and dry
cycles (DW+3SW) at 40°C. The letters in the legend correspond to the diﬀerent sections of the ﬂow
box
et al. 1997), no evidence of preferential ﬂow paths through the overlap was detected.
The permittivity to deionized water of a single sheet sample of GCL_UC was Ψ =
2.03×10−9 s−1, about two orders of magnitude lower compared to the permittivity of the
GCL_UC subjected to wet and dry cycles with seawater. On the other hand, the permittivity
of section D of the large-scale GCL_UC sample subjected to wet and dry (DW+3SW) at
20°C was lower than the one of GCL_UC sample subjected to wet and dry cycles (DW+3SW)
at 40°C (Ψ = 9.7×10−7 s−1), conﬁrming the trend of increasing hydraulic permittivity with
increasing drying temperature.
The hydraulic permittivity results of GCL_UC after the aging process were also compa-
rable with those of Mazzieri and Di Emidio (2015) on the eﬃciency of a DPH GCL overlap
without bentonite paste to seawater. In that study, the permittivity to seawater of the DPH
GCL overlap increased in fact of three orders of magnitude compared to the single sheet
sample to deionized water. The authors related the outcomes to a preferential ﬂow through
the overlap interface (as shown also after permeation with a coloured dye) probably due to
the absence of bentonite paste. On the other hand, in the present study the presence of
bentonite paste and not clear preferential ﬂow detected in the overlap area, indicates that
the permittivity increase was likely due to cracks formed and not fully sealed due to wet and
dry cycles, and to a compressed DDL.
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Geosynthetic clay liners are widely used in landﬁll applications to isolate waste liquids from
the environment. GCLs must ensure low hydraulic conductivity in the long term to avoid
migration of contaminants in the surrounding soil and groundwater. The low hydraulic
conductivity of GCLs is attributed to the high sealing capacity of the enclosed bentonite in
the presence of water. However, exposure to aggressive solutions can impair the hydraulic
eﬃciency due to the collapse of the diﬀuse double layer of the bentonite. The eﬃciency of
GCLs can further deteriorate when the compression of the DDL is concomitant with wet and
dry cycles as a result of seasonal changes in temperature, rainfall and groundwater migration.
In this research, the performance of a GCL containing untreated Na-activated bentonite
was compared to a GCL with HYPER clay 8%, under wet and dry cycles in seawater.
Swell index tests were conducted to assess how wet and dry cycles aﬀect the swelling abil-
ity of the bentonite. Furthermore, the impact of diﬀerent drying temperatures (20°C, 40°C
and 60°C) on the water adsorption, swelling ability and self-healing capacity of the bentonite
was studied. Finally, the inﬂuence of the drying temperature (40°C, 60°C and 105°C) on the
hydraulic conductivity of GCLs previously subjected to wet and dry cycles was measured
using ﬂexible wall permeameters. A large-scale hydraulic conductivity test was performed
by means of a ﬂow box after subjecting overlapped GCL panels containing untreated Na-
activated bentonite to wet and dry cycles. The purpose of the latter investigation was to
check the overlap seaming and shrinkage after the aging process.
In deionized water, the free swell of HYPER clay 8% was almost 1.5 times higher than
the swell index recorded for Na-activated bentonite. The free swell of both bentonites sig-
niﬁcantly decreased when seawater was used instead of deionized water which is consistent
with the double layer theory of Gouy-Chapman. However, the anionic polymer in HYPER
clay 8% probably increased the thickness of the DDL leading to a slightly higher free swell
in seawater compared to Na-activated bentonite. The recorded free swell in seawater of the
polymer treated bentonite after four wet and dry cycles was four times higher compared
to Na-activated bentonite. This indicates that the polymer is probably still adsorbed to
the ﬁxed cations even after four wet and dry cycles using seawater. However, swell index
tests did not provide realistic values of the swelling performance of bentonite due to the
occurrence of macropores and turbidity. To overcome these limitations, swell pressure tests
were conducted to determine the actual swelling ability of both Na-activated bentonite and
HYPER clay 8% subjected to four wet and dry cycles in Chapter 6.
Untreated and polymer treated bentonite were subjected to four wet and dry cycles
(DW+3SW) with three diﬀerent drying temperatures (20°C, 40°C and 60°C) in oedometer
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cells. At the end of each cycle, the water adsorption, swelling ability and self-healing capacity
were measured. In general, the water content (w%) and vertical swell of HYPER clay 8% was
higher compared to Na-activated bentonite during each wetting cycle independently of the
drying temperature. This is likely due to the adsorption of the polymer which enhances the
behavior of the bentonite when subjected to wet and dry cycles using seawater. The swell of
HYPER clay 8% was still consistent till the fourth cycle for all three drying temperatures.
In general, increasing the drying temperature the amount of cracks present both samples
increased. However, the crack width was higher for the samples which were slowly air-dried
at 20°C compared to the samples rapidly dried in an oven at 40°C or 60°C. It can be
concluded that some quality tests, such as determination of the self-healing capacity of the
bentonite based on visual inspection, might not be suﬃcient for polymer treated bentonite
and actual hydraulic conductivity tests are recommended.
The hydraulic conductivity to seawater of two GCL panels (containing Na-activated
bentonite and HYPER clay 8%, GCL_UC and GCL_HC respectively) initially subjected
to four wet and dry cycles was measured. During each drying cycle, the samples were oven
dried at 40°C, 60°C and 105°C.
In general, the hydraulic conductivity of the polymer treated bentonite was always about
two orders of magnitude lower compared to the untreated base bentonite. Furthermore,
increasing the drying temperature from 40°C to 60°C resulted in an increase in hydraulic
conductivity, with similar conditions. On the contrary, direct exposure to seawater lead to a
lower hydraulic conductivity of both samples. The lower hydraulic conductivity of GCL_HC
conﬁrmed that two days of hydration might not be enough to heal the cracks in HYPER
clay 8% but its hydraulic performance was still better compared to Na-activated bentonite.
Experimental results from the large-scale hydraulic permittivity test showed that the
GCL_UC increased its permittivity of about two orders of magnitude after four wet and
dry cycles, compared to the performance of a single sheet sample to deionized water. In
addition, seawater likely inhibited the swelling of the bentonite preventing the self-healing
mechanism of the cracks and compressing the DDL.
It can be concluded that the polymer treated bentonite showed enhanced behavior even
after wet and dry cycles with a strong electrolyte solution, e.g. seawater. Therefore, HYPER
clay might be a valuable substitute for untreated bentonite in GCLs. However, a protective
soil cover layer is always recommended.
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Chapter 6
Validation of a theoretical model for the
swelling pressure during wet and dry
cycles and chemico-osmotic performance
of untreated and modiﬁed clays
6.1 Introduction
Montmorillonite crystals consist of parallel-aligned elementary lamellae, or platelets, which
are approximately 10 Å thick and 1000−2000 Å wide (Dominijanni and Manassero 2012b).
The ions included between adjacent platelets are subjected to electrostatic repulsion which
creates a restricted movement of the ions in solution through the bentonite pores associated
with the diﬀuse double layer (DDL) thickness. Therefore, the structure of montmorillonite is
dispersed when clay platelets are present as separated units and it is aggregated if the lamellae
are assembled to form tactoids. The formation of tactoids, which can be induced by the
contact with concentrated electrolyte solutions, reduces the surface area of montmorillonite
particles.
The interlayer thickness between clay platelets is inﬂuenced by ion concentration and va-
lence. In particular, these parameters aﬀect the number of clay platelets or lamellae forming
tactoids. In fact, the number of lamellae increases with increasing concentration and valence
of the ions in the hydrating solution (Dominijanni and Manassero 2012b). Once tactoids are
formed the speciﬁc surface of montmorillonite decreases, resulting in high permeability of
the barrier liner. Therefore, although the excellent hydraulic properties of bentonite when
permeated by diluted solutions, the eﬃciency of bentonite liners can be reduced by contact
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with strong electrolyte liquids (Kolstad et al. 2004; Liu et al. 2015; Petrov and Rowe 1997;
Shackelford et al. 2000).
The chemical incompatibility between bentonite and electrolyte solution is caused by loss
of osmotic swelling of smectite. Monovalent cations (e.g., Na+ and K+), originally dominat-
ing the exchange sites, can be replaced by multivalent cations (e.g., Ca2+ and Mg2+) with
reduced swelling ability. Accordingly, the hydraulic performance of bentonite is impaired
resulting in particle attraction, shrinkage and crack formation (Shackelford et al. 2000).
Furthermore, the membrane behavior of bentonites results in chemico-osmosis, or the
movement of liquid in response to a solute concentration gradient (Malusis et al. 2003). The
membrane eﬃciency of bentonite liners has been demonstrated to decrease with increasing
valence and/or concentration of the dominant salt cation present in the solution (Bohnhoﬀ et
al. 2014). However, other variables can inﬂuence the extend and magnitude of the membrane
behavior, such as composition of the clay (e.g. mineralogy, powder vs granular), porosity
(n), degree of water saturation (S) and characteristics of the liquid in the pore space. The
membrane behavior is in general quantiﬁed by a membrane eﬃciency coeﬃcient, ω, com-
monly referred to as the reﬂection coeﬃcient or the chemico-osmotic eﬃciency coeﬃcient.
This parameter ranges from zero (ω = 0) for nonmembranes to unity (ω= 1) for perfect
or ideal membranes. Clay soils are considered non-ideal or semi-permeable membranes
as they partially restrict the passage of solutes (i.e., 0< ω <1). As indicated by Shackelford
et al. (2016), the values of ω decreased from 97% to 0% by increasing the KCl concentration
from 20 mM up to 400 mM.
In response to this susceptibility to chemical attack and environmental eﬀects, there is a
need to improve the hydraulic performance of GCLs in contact with electrolyte solutions. In
this framework, modiﬁed bentonites have been developed (Di Emidio et al. 2010; Katsumi et
al. 2007; Kondo 1996; Mazzieri et al. 2009; Scalia IV et al. 2014). A manufactured patented
GCL is the Dense Pre-Hydrated GCL (DPH GCL), in which the bentonite is densiﬁed by
vacuum extrusion after prehydration with a polymeric solution containing Na-CMC, sodium
polyacrylate and methanol (Mazzieri et al. 2009). The Multiswellable bentonite, MSB, is
a sodium-rich montmorillonite modiﬁed with propylene carbonate (Mazzieri et al. 2010).
Another polymer modiﬁed bentonite is HYPER clay, which is a bentonite treated with a
polymeric solution containing 2% or more by dry mass of Na-CMC (Di Emidio et al. 2010).
Bentonite polymer nanocomposite (BPN) is modiﬁed at the nanoscale inserting acrylic acid
between the montmorillonite layers and then polymerized to form an interconnected structure
within the bentonite (Bohnhoﬀ and Shackelford 2013).
In order to assess the performance of barrier liners in the long term, the development of
theoretical approaches are of great interest in order to model their mechanical behavior and
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transport properties. In this theoretical framework, Dominijanni and Manassero (2012a,b)
proposed a model, which allows to correlate the phenomenological coeﬃcients to the fun-
damental variables of the system (i.e. void ratio and ion concentration), through a limited
number of physical parameters of the porous medium (c¯sk,0, S', ρs) and the interstitial ﬂuid
(µw, ρw, Di,0). A schematic ﬂow chart of the assumptions, input and output variables is
provided in the Appendix Section. The model is meant to investigate the performance of
saturated porous media, whose voids are ﬁlled by an electrolyte solution. Since chemical
equilibrium is expected to be reached between the bulk electrolyte solution and the internal
pore solution at the macroscopic scale, Donnan's equations are used to evaluate the hydraulic
pressure and ion concentrations within the porous medium. In particular, the authors have
proposed an expression for determining the swelling pressure of an electrically charged porous
medium, i.e. sodium bentonite, in equilibrium with an external bulk solution that contains
the same ions as they are present in the pore solution, i.e. NaCl solutions whose ion elec-
trochemical valences are both unitary. The equation contains a macroscopic parameter (i.e.
the moles of solid skeleton electric charge per volume of solid, c¯sk,0) which is linked to the
microscopic properties (e.g. the eﬀective speciﬁc surface of montmorillonite particles) of the
sodium bentonite. Moreover, it has been already demonstrated that the model is also able
to represent the behavior of a polymer modiﬁed bentonite, such as HYPER clay (Di Emidio
2010).
In this study, the model proposed by Dominijanni and Manassero (2012a,b) and further
developed by Di Emidio (2010) is applied ﬁrst to interpret experimental results of the swelling
pressure of untreated bentonite and HYPER clay subjected to wet and dry cycles. Then,
literature test results of polymer modiﬁed bentonites are back analyzed for the osmotic
eﬃciency (Bohnhoﬀ and Shackelford 2013; Malusis and Daniyarov 2016) in order to extend
the model application and to provide insight into the physical mechanisms.
6.2 Theoretical background: swelling pressure of ben-
tonites
A simpliﬁcation of the Terzaghi model used to explain the eﬀective stresses can clarify the
mechanical behavior of a charged porous medium, such as bentonite. In order to account
for the swelling pressure, it is suﬃcient to add a spring that represents the electrochemical
repulsive forces exerted between the solid particles at the microscopic scale (Fig. 6.1). From
Fig. 6.1(b), it is clear that equilibrium with external forces can also be reached in the absence
of the spring representing the intergranular contacts (Dominijanni and Manassero 2012b).
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Figure 6.1: Mechanical model for (a) an uncharged porous medium and (b) a charged porous medium
(Dominijanni and Manassero 2012b)
In soil mechanics, macroscopic strains are related to eﬀective stresses, which are deﬁned
as the diﬀerence between the total stresses and the pore water pressure (Terzaghi, 1925). The
eﬀective stress principle, for a charged porous medium, such as bentonite, can be expressed
as follows:
σ′ = σ − u¯ (6.1)
where σ′ is the eﬀective stress, σ is the total stress and u¯ is the pore solution pressure
(Dominijanni and Manassero 2012b). In a porous medium, the eﬀective stress can be related
to the intergranular stress which is transmitted through the intergranular contacts (ideal
springs) between the solid particles. This identiﬁcation is based on the assumption that the
area of the intergranular contacts is very small compared to the total area of a generic section
crossing the soil. Under such an assumption, the intergranular stress is deﬁned directly at
the macroscopic scale.
The pore solution pressure, u¯, can be related to the ion concentrations and the concen-
tration of the charge of the solid particles through Donnan's equation:
u¯ = u− Π + Π¯ (6.2)
where u is the pressure of the bulk solution in equilibrium with bentonite, Π is the osmotic
pressure of the external bulk solution, and Π¯ is the osmotic pressure within the bentonite.
It should be stressed that, due to the dependency of c¯sk,0 on the void ratio, the pore
solution pressure results to be related to the deformation of the bentonite. Using Eq. 6.2,
the eﬀective stress principle can be formulated as follows:
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σ′ = σ′app − usw (6.3)
where σ
′
app = σ − u = apparent eﬀective stress, evaluated with respect to the pressure of
the external bulk solution in equilibrium with the bentonite (Pa); usw = Π¯ − Π = swelling
pressure, which depends on the ion concentration of the external bulk solution, cs and ben-
tonite void ratio, e. The swelling pressure can be expressed by the following equation, when
the pore solution contains a single salt constituted by monovalent ions (e.g.NaCl):
usw = 2RTcs[
√
(
c¯sk,0
2ecs
)2 + 1− 1] (6.4)
where R is the universal gas constant ( 8.314 J/mol K)), T is the absolute temperature
of the external solution. According to Eq. 6.4, the swelling pressure increases when the
void ratio, e, and the salt concentration, cs, decrease, and the reference concentration of the
charge of solid particles, c¯sk,0, increases (Dominijanni and Manassero 2012b).
The coeﬃcient c¯sk,0 is related to the number of lamellae per tactoids through the external
speciﬁc surface. In particular, c¯sk,0 is expected to decrease in case of aggregate structure,
in which the montmorillonite forms tactoids. c¯sk,0 is the only new macroscopic material
parameter introduced into the model proposed by Dominijanni and Manassero (2012b), in
order to account for the electro-chemical phenomena related to the microscopic surface forces.
6.3 Materials and methods
The swell pressure (SP) set up consisted of a stainless steel ring of 71 mm diameter accom-
modated in a standard one-dimensional oedometer cell (Fig. 6.2). The cell was located in a
frame provided with a load cell connected to a computer, which was kept ﬁxed to maintain
constant height during the test.
Powder air-dried bentonite was evenly spread into the stainless steel ring by assuming a
clay mass per unit area of 4.5 kg/m2 and n = 0.718. After sample assembling, the oedometer
was inundated with the testing solution.
Reference Swell Pressure Tests
Reference swell pressure tests were performed on untreated Na-activated bentonite (UC) and
HYPER clay 8% (HC) with increasing NaCl concentrations (0.001 M, 0.6 M and 2 M). For
further details about HYPER clay treatment procedure refer to Chapter 4.
The tests were concluded when constant swell pressure was achieved and the ﬁnal EC
155
6.3 Materials and methods
Figure 6.2: Swell pressure set up
values were recorded in order to account for soluble ions.
Wet and Dry Swell Pressure Tests with Sodium Chloride
The purpose of this test was to investigate the impact of direct contact with a high con-
centrated electrolyte solution on the swelling ability of untreated clay. In addition, this
concentration was chosen to simulate seawater, as it consists of mainly Na+ ions. The
electrical conductivity of NaCl solution used during the test was comparable to the one of
seawater (55.5 mS/cm vs 48.8 mS/cm respectively).
A sample of UC was subjected to four wet and dry cycles with 0.6 M sodium chloride
and tested through swell pressure tests. The sample was hydrated for about 14 days and
dried in a 40°C oven until the water content was ≤ 25%. The ﬁnal equilibrium electrical
conductivity of the hydrating solution at the end of the tests was recorded.
Wet and Dry Swell Pressure Tests with Seawater
A sample of UC and a sample of HC were subjected to wet and dry cycles (UC_DW+3SW
and HC_DW+3SW) and tested by means of swell pressure test in order to evaluate the
swelling capacity throughout the cycles. The samples were hydrated with deionized water
(DW) during the ﬁrst wet cycle and oven dried at 40°C. Subsequently, the samples were
hydrated with seawater (SW) during the next cycles. The wet cycles lasted 14 days, whereas
the dry cycles continued until the water content was below 25%.
For sake of comparison, the ionic strength (IS) is considered herein after in order to
account also for the seawater which contains monovalent and multivalent ions. The ionic
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Table 6.1: Solution characterization
Initial Ionic Strength ECi Final Ionic Strength ECf
[M] [mS/cm] [M] [mS/cm]
NaCl 0.001 0.161 0.03 3.27
0.6 55.5 0.74 59.5
2 150 2.15 155.3
Seawater 0.764 48.8 NA NA
strength of a solution is a measure of the concentration of ions in that solution. It represents
the sum 1
2
∑N
1 cizi , where ci and zi are the concentration and the valence of the i-th ion,
respectively. The chemical properties of the solutions used in this study are presented in
Table 6.1.
6.4 Swell pressure results
Swell pressure tests were performed to investigate the eﬀect of wet and dry cycles on the
swelling ability of untreated bentonite and HYPER clay 8%. Upon hydration, the bentonite
adsorbs a large amount of water molecules and ions. If cracks are present the bentonite
should be able to heal them increasing its volume.
6.4.1 Reference Swell Pressure Tests
The swell pressure values of Na-activated bentonite (UC) and HYPER clay 8% (HC) are
plotted versus the initial (ISi) and ﬁnal (ISf ) ionic strength in Fig. 6.3 and listed in Table 6.2
and Table 6.3. The EC was monitored during the test and the value recorded at the end of
the test represented the equilibrium concentration used to compute the ﬁnal ionic strength.
The ﬁnal ionic strength was derived using the linear relation presented in Fig. 6.4. This
procedure was necessary as the bentonite was not subjected to ion removal before being
tested.
In general, the swell pressure of HYPER clay 8% was noticeably higher compared to
untreated bentonite at every concentration. As expected, the swell pressure was reduced
for increasing ionic strength both for untreated clay and HYPER clay 8%. This trend
is in accordance with the Gouy-Chapman diﬀuse double layer theory. The diﬀuse double
layer (DDL) is prone to decrease its thickness with increasing valence and concentration of
the ions in the interlayer space (McBride 1994). As a consequence, the swelling ability is
inhibited when the cations are highly concentrated in the solution due to the thin double
layer surrounding clay particles.
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Figure 6.3: Swell pressure of Na-activated bentonite, UC, (a) and HYPER clay, HC, (b) considering
the initial (ISi) and ﬁnal (ISf ) ionic strength
Table 6.2: Swell pressure reference test results of Na-activated bentonite (UC)
Porosity, n Void ratio, e Final Ionic Strength Swell Pressure
[-] [-] [M] [kPa]
0.718 2.546 0.03 89.01
0.718 2.546 0.74 10.37
0.718 2.546 2.15 0
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Figure 6.4: Calibration of ionic strength versus electrical conductivity. R2 is the coeﬃcient of
determination of the regression line
Table 6.3: Swell pressure reference test results of HYPER clay 8% (HC)
Porosity, n Void ratio, e Final Ionic Strength Swell Pressure
[-] [-] [M] [kPa]
0.718 2.546 0.006 223.87
0.718 2.546 0.84 36.19
0.718 2.546 2.84 14
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An interesting observation is that, whereas UC did not present any swelling ability with
2.15 M, the swell pressure of HYPER clay with 2.84 M was still 14 kPa. A close up of
these results is presented in Fig 6.5 to better appreciate the diﬀerence. The hydration of
the bentonite with a dilute solution promotes a disperse structure of the bentonite and
crystalline swelling as several water molecules hydrate the interlayer and outer surfaces.
Subsequently, the water molecules are bounded to the interlayer during the osmotic swelling
and they are considered immobile as they do not take part to the hydraulic ﬂow (McBride
1994). Crystalline hydration is generally characterized by a small expansion of the interlayer,
whereas osmotic hydration leads to an extended swelling as a result of a larger interlayer
expansion and more pore water being bound. Therefore, the 2.15 M ionic strength might be
considered as the threshold concentration for Na-activated bentonite after which the osmotic
swelling might not occur anymore and the bentonite undergo only the crystalline swelling.
On the contrary, HYPER clay likely presented still osmotic swelling at high concentrated
solution thanks to the irreversible adsorption of the polymer which maintains the DDL open
promoting water adsorption and maintaining a disperse structure of the bentonite.
Fig. 6.3 highlighted the diﬀerence between initial and ﬁnal electrical conductivity in a
logarithmic scale, which decreased increasing ionic strength. Therefore, using 0.001 M more
ions were released from the bentonite into the solution increasing considerably the ﬁnal
concentration of the hydrating liquid (up to 0.03 M). On the other hand, the diﬀerence
became negligible when approaching to 2 M. Conﬁned swelling generates a combination of
electro-chemical potential of ions and chemical potential of water which induces a volumet-
ric increase. These potentials are driven by the necessity to establish the thermodynamic
equilibrium between the diﬀerent phases and species of the system. Therefore, the bentonite
absorbing deionized water from the outside of the sample dilutes the ion concentrations in
the pore water.
However, what it is interesting about the outcomes of this test is that the electrical
conductivity of HYPER clay 8% increased of a lesser extent then UC at low concentration.
This is likely due to the presence of the polymer which acts as a bridge among soluble and
bounded ions.
6.4.2 Wet and Dry Swell Pressure Tests with Sodium Chloride
Swell pressure tests were performed on Na-activated bentonite (UC) throughout wet and
dry cycles with 0.6 M NaCl and drying at 40°C. Fig. 6.6 plots the swell pressure of UC
versus number of wetting cycles. Table 6.4 lists the characteristics of the sample at the end
of the wetting cycles. Note that the swell pressure was calculated based on the eﬀective
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Figure 6.5: Close up of swell pressure test results of untreated bentonite (UC) and HYPER clay
(HC) at high ionic strengths
Table 6.4: Wet and dry swell pressure tests with NaCl of Na-activated bentonite characteristics
Cycle Porosity, n Void ratio, e Initial Ionic Strength Final Ionic Strength Swell Pressure
[-] [-] [M] [M] [kPa]
1 0.718 2.546 0.6 0.84 13.67
2 0.6 1.12 10.25
3 0.6 1.48 6.21
4 0.6 1.53 0.03
area of the sample at the end of the wetting cycles due to the shrinkage and not constant
dimension throughout the samples. The samples of untreated clay experienced particularly
heterogeneity in height and diameter dimensions. This phenomenon will be discussed more
in detail in section 6.4.3.
As expected, the swell pressure decreased with increasing number of wetting cycles. In
addition, as can be seen from Fig. 6.7, Na-activated bentonite was not able to heal its cracks
upon rehydration. During the ﬁrst dry cycles, several cracks were already present. They
then propagated during the second cycle throughout the sample.
The reduced swelling ability is due to the contact with the high electrolyte solution which
likely compressed the diﬀuse double layer. Therefore, as the swelling ability decreased, the
bentonite was not able to heal its cracks upon rehydration yielding to the loss of eﬃciency
of the material.
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Figure 6.6: Swell pressure of Na-activated bentonite (UC) versus number of wetting cycles
1 cycle
2 cycle
3 cycle
WET DRY
Figure 6.7: Na-activated bentonite (UC) at the end of each cycle performed with NaCl and drying
at 40°C
162
Chapter 6. Validation of a theoretical model for the swelling pressure during wet and dry
cycles and chemico-osmotic performance of untreated and modiﬁed clays
Figure 6.8: Swell pressure of Na-activated bentonite, UC, (top) and HYPER clay 8%, HC, (bottom)
versus time during 4 wet and dry cycles
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Figure 6.9: Swell pressure of Na-activated bentonite (UC) and HYPER clay 8% (HC) throughout
wet and dry cycles. The ﬁrst cycle was performed in deionized water (DW) and the consecutive
cycles were performed in seawater (SW)
Table 6.5: Swell pressure test results through wet and dry cycles
Solution Cycles Porosity, n Void ration, e Swell Pressure UC Swell Pressure HC
[-] [-] [kPa] [kPa]
DW 1 0.718 2.546 42.61 133.45
SW 2 15.18 36.8
SW 3 12.87 32.1
SW 4 13.01 45.94
6.4.3 Wet and Dry Swell Pressure Tests with Seawater
A sample of Na-activated bentonite (UC) and a sample of HYPER clay 8% (HC) were sub-
jected to four wet and dry cycles and the swell pressure was measured during the hydration
cycles (Fig. 6.8). Table 6.5 lists the samples characteristics through the cycles. Note that,
the samples were hydrated with deionized water in the ﬁrst cycle and seawater was used in
the consecutive cycles. The swell pressure of both UC and HC in function of wetting cycles
is presented in Fig. 6.9.
An overview of the samples at the end of each cycles is given in Fig. 6.10. The swell
pressure was measured based on the area of the samples at the end of the wetting cycles
due to the shrinkage and not constant dimension of the samples. In particular, the height
and diameter of untreated bentonite were not constant throughout the sample, as it can be
seen more in detail in Fig. 6.11. For this reason, the average diameter was considered for
the calculation of the area and, therefore, the swell pressure. Table 6.6 lists the measured
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Figure 6.10: Samples of Na-activated bentonite (UC) and HYPER clay 8% (HC) at the end of each
cycle considering
samples characteristics of both, UC and HC, during wet and dry cycles. The inﬂuence of the
sample diameter on the swell pressure is showed in Fig. 6.12. As it can be seen, considering
the initial diameter the swell pressure might be underestimated. For this reason, the eﬀective
diameter was considered for the measurements of the swell pressure.
As it is showed in Fig. 6.9, the swell pressure of HC was about three times higher compared
to UC at the end of the ﬁrst wetting cycle in deionized water (SP = 133.45 kPa for HC and
SP = 42.61 kPa for UC). This is due to the adsorption and intercalation of the polymer
that increases the net repulsive forces between platelets leading to a higher measured swell
pressure. However, the swell index has a much smaller diﬀerence in swelling between HC
and UC in DW (34 ml/2g vs 45 ml/2g). This demonstrates that swell index tests could lead
to misleading results due to the occurrence of macropores and turbidity.
During the second cycle, the samples were hydrated with seawater. The SP of both
treated and untreated bentonite sharply decreased compared to the ﬁrst wetting in DW.
Nevertheless, the swelling ability of HC was still higher compared to UC (SP=15.18 kPa for
UC and SP=36.8 kPa for HC). The main cause of the decrease in swell pressure for both
samples was the contact with the high electrolyte solution, seawater. The high concentration
of monovalent and divalent cations in seawater compressed the DDL which contributed to a
decrease in swell pressure. This result complies with the research of Di Emidio (2010) who
showed a decreasing swell pressure with increasing concentration and valence of the ions.
Additionally, both samples shrunk signiﬁcantly during the ﬁrst drying cycle. Therefore,
upon rewetting with SW the samples ﬁrst needed to swell in radial direction, leading to a
lower vertical swell. The higher swelling ability of HYPER clay 8% compared to untreated
clay is attributed to the intercalation and adsorption of the polymer which maintains a thick
DDL in aggressive solutions.
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6.4 Swell pressure results
Figure 6.11: Left: sample of Na-activated bentonite (UC) at the end of the 4th wet cycle. Right:
sample of HYPER clay 8% (HC) at the end of the 4th wet cycle
Table 6.6: Swell pressure sample characteristics
UC HC
1 WET Diameter [mm] 7.1 7.1
Height [mm] 7 7
w% 196.23 195.28
1 DRY Diameter [mm] 47.1 51.56
Height [mm] 5.94 6.8
w% 12.19 27.88
2 WET Diameter [mm] 58.13 61.36
Height [mm] 7 7.36
w% 115.29 108.03
2 DRY Diameter [mm] 63.49 52.7
Height [mm] 5.52 6.54
w% 25 26.52
3 WET Diameter [mm] 57.55 60.2
Height [mm] 7.44 7.6
w% 125.73 116.45
3 DRY Diameter [mm] 50 52.53
Height [mm] 5.8 5.54
w% 14.14 17
4 WET Diameter [mm] 55.52 58.32
Height [mm] 5.51 7.14
w% 79 64.43
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The swell pressure of UC slightly decreased during the third cycle (12.87 kPa) and re-
mained constant during the fourth wetting cycle (13.01 kPa). On the other hand, the swell
pressure of HYPER clay 8% ﬁrst increased up to 41.9 kPa and then decreased to 31 kPa.
The striking result was that the swell pressure of HC during wet and dry cycles (DW+3SW)
was comparable, or slightly lower, than the swell pressure of UC during its maximum swelling
in DW. These results are consistent with those of the one-dimensional swell tests presented
in Chapter 4 and in De Camillis et al. (2016a).
Fig. 6.10 displays the samples UC and HC at the end of each wet and dry cycle. These
pictures show that untreated clay did not hydrate in a homogeneous way when rewetted
with seawater. The diameter of the sample was not constant and some kind of conic shape
was observed. HYPER clay on the other hand, hydrated in a more uniform way forming a
consistent disk. Furthermore, untreated clay appeared crumbled along the side at the end of
the third drying cycle while HYPER clay 8% still formed a coherent disk with smaller crack
volume compared to UC. It is likely that the polymer irreversibly intercalated in the bentonite
structure of HYPER clay 8% promoted the dispersion of the clay platelets even in presence of
a strong electrolyte solution, such as seawater. On the other hand, untreated bentonite likely
presented an aggregate structure due to the compression of the DDL. Therefore untreated
bentonite presented a lower swelling ability and it was not able to close the cracks formed
during desiccation.
These observations, together with the higher swell pressure of HYPER clay 8%, demon-
strated the better behavior of the polymer treated clay when subjected to four wet and dry
cycles using seawater compared to untreated clay.
6.5 Theoretical interpretation: swelling pressure of a ben-
tonite subjected to wet and dry cycles
The theoretical model developed by Dominijanni and Manassero (2012a,b) for 2-ion system
was used to back analyze experimental data. The experimental results can be related to
the physical and chemical properties of the tested bentonite, assuming that the microscopic
deviations of the state variables from their average values are negligible (Dominijanni and
Manassero 2012b). On the basis of the proposed theoretical model, the swelling pressure
depends on the solid skeleton electric charge, c¯sk,0, through equation Eq. 6.4. In the following
sections:
1. the theoretical curve was drawn based on the swell pressure of Na-activated bentonite
(UC) and HYPER clay 8% (HC) versus increasing ionic strength;
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Figure 6.12: Inﬂuence of sample diameters on the swell pressure. The swell pressure of UCeff and
HCeff is calculated based on the diameter at the end of the test
2. Na-activated bentonite (UC) subjected to wet and dry cycles with 0.6 M ionic strength
solution was back analyzed through the theoretical curve;
3. Na-activated bentonite (UC) and HYPER clay 8% subjected to wet and dry cycles
with seawater were back analyzed through the theoretical curves.
6.5.1 Theoretical interpretation of swell pressure tests with increas-
ing ionic strength
The experimental data relative to the swelling pressure, usw, of Na-activated bentonite (UC)
and HYPER clay 8% (HC) have been interpreted using the solid skeleton charge concentra-
tion per unit pore volume, c¯sk,0, as the only ﬁtting parameter. The theoretical curve was
then obtained solving Eq. 6.4. The results of this simulation are illustrated in Fig. 6.13. The
ﬁgures show the trend of the swelling pressure measured by varying solute ionic strength.
The experimental results were also plotted in the ﬁgure for comparison.
The best ﬁtting of the theoretical curve with the experimental data of UC was obtained
by using a c¯sk,0 equal to 0.18 M. As it can be seen from Fig. 6.13, the experimental results
of UC swell pressure were in good agreement with the theoretical simulation for increasing
ionic strength.
A c¯sk,0 value of 0.27 M has been found from the ﬁtting of the experimental data of HC.
This value is noticeably larger compared to the one found for UC. This outcome suggests
that HYPER clay behaves as an untreated bentonite with a larger negative surface, likely
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Figure 6.13: Theoretical interpretation of the swell pressure for Na-activated bentonite, UC, (top)
and HYPER clay 8%, HC, (bottom) with increasing ionic strength
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due to the presence of the anionic polymer, as also stated by Di Emidio (2010).
The curve of HYPER clay for 2-ion (Na, Cl) formulation, with c¯sk,0 value of 0.27 M, was
comparable to the parametric study of Di Emidio (2010) for 3-ion formulation, considering
the third ion equal to zero, with c¯sk,0 value of 0.227 M. However, the curve underestimated
the swelling pressure at concentrated solutions probably due to presence of the polymer. As
it has been demonstrated from the swell pressure test results, HYPER clay still presented
swelling ability at concentration as high as 2.18 M ionic strength. This outcome demonstrated
that the polymer enhanced the swelling ability of HYPER clay, likely maintaining a thick
DDL even in presence of high concentrated solutions. Therefore, in Fig. 6.14 the points at
high concentration were ﬁtted (dashed line) with another c¯sk,0 which resulted to be 0.68 M.
The assumption of a constant value for c¯sk,0 allows the experimental data to be simulated
with an acceptable degree of approximation. However, the particle aggregation is neglected
from this interpretation as the void ratio taken into account for the simulation is the one
related to a disperse structure of the bentonite.
Conﬁned swelling originates from a combination of electro-chemical potential of ions and
chemical potential of water. Together they induce a volumetric increase due to the adsorption
of water molecules as well as a dilution of the pore water up to reach the thermodynamic
equilibrium. These potentials are mainly a function of the void ratio of the bentonite and
its micro-fabric through the ﬁxed charge concentration of the solid skeleton (c¯sk,0). c¯sk,0
is directly proportional to the eﬀective speciﬁc surface (S') and the number of lamellae
per aggregate (or tactoids). In general, c¯sk,0 is quantiﬁed in terms of a fully dispersed
micro-fabric and linked to the CEC through Eq. 2.11. As stated by Di Emidio (2010), the
assumption of a constant value for c¯sk,0 implies that the number of platelets per aggregate
is constant, independently of the ionic strength. The interparticle stresses are therefore
neglected, considering a disperse bentonite structure.
6.5.2 Back analysis of wet and dry cycles with sodium chloride
Experimental data from UC_4NaCl (section 6.4.2) were interpolated with the theoretical
curve found for UC.
The ﬁnal concentrations and swell pressures of the sample UC_4NaCl are provided in
Table 6.4 and plotted together with the reference values obtained for UC with increasing
ionic strength in Fig. 6.15. The swell pressure decreased increasing number of cycles as
well as increasing ionic strength. Although UC_4NaCl was hydrated always with the same
solution (0.6 M NaCl), the ﬁnal equilibrium concentration was higher than the initial one
and it increased with increasing number of cycles until the fourth cycle. This might be due
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Figure 6.14: Evaluation of the c¯sk,0 for HYPER clay 8%, HC
to a built up in ionic strength of the wetting solution due to the water, and salts, retained
in the sample at the end of each wetting cycle as reported also by Bouazza et al. (2007).
Despite the change in void ratio due to shrinkage and crack formation, there was a positive
correlation between the theoretical curve and the behavior of Na-activated subjected to wet
and dry cycles with NaCl.
6.5.3 Back analysis of wet and dry cycles with seawater
Experimental data from UC_DW+3SW and HC_DW+3SW were interpolated with the
theoretical curves found for UC and HC (Fig. 6.13). The purpose was to estimate the ﬁnal
concentration at the end of the test through wet and dry cycles, as this was not measured.
The ﬁnal, estimated, concentrations and swell pressures of the sample UC_DW+3SW
and HC_DW+3SW are provided in Table 6.7 and Table 6.8 and plotted together with the
reference values obtained for UC and HC with increasing ionic strength in Fig. 6.16.
The ﬁrst observation to emerge from Fig. 6.16 was that the swell pressure of both
UC_DW+3SW and HC_DW+3SW during the ﬁrst cycle in deionized water were lower
than the swell pressure to 0.03 M and 0.006 M respectively. In addition to that, the swell
pressures during the second cycle in seawater (EC = 48.8 mS/cm) were higher compared to
the reference untreated samples tested at similar concentration (ECi = 55.5 mS/cm).
Contrary to section 6.5.2, the wet and dry cycles with prehydration in deionized water
led to a slightly lower swelling potential for both UC_DW+3SW and HC_DW+3SW. In
addition, and more importantly, the swell pressure of HC_DW+3SW did not follow the
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Figure 6.15: Theoretical interpretation of the swell pressure for Na-activated bentonite during wet
and dry cycles with NaCl (UC_4NaCl)
Table 6.7: Wet and dry specimen characteristics of Na-activated bentonite
Solution Cycles Porosity, n Void ration, e Concentration Swell Pressure UC_DW+3SW
[-] [-] [M] [kPa]
DW 1 0.718 2.546 0.065 42.61
SW 2 0.45 15.18
SW 3 0.4 12.87
SW 4 0.4 13.01
decreasing trend of the theoretical curve likely due to the presence of the polymer which
maintains the DDL open.
Salt concentration
As all samples analyzed in this study were not subjected to salts removal, the ion concentra-
tion of the pore water changed during the test, as demonstrated for example by Fig. 6.3. For
this reason, the swell pressures were reported versus the ﬁnal ionic strength. However, this
Table 6.8: Wet and dry specimen characteristics of HYPER clay 8%
Solution Cycles Porosity, n Void ration, e Concentration Swell Pressure HC_DW+3SW
[-] [-] [M] [kPa]
DW 1 0.718 2.546 0.038 133.45
SW 2 0.2 36.8
SW 3 0.23 32.1
SW 4 0.15 45.94
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Figure 6.16: Theoretical interpretation of the swell pressure for Na-activated bentonite (UC) and
HYPER clay (HC) during wet and dry cycles (DW+3SW)
information was not available for UC_DW+3SW and HC_DW+3SW. Therefore, the equi-
librium concentrations were estimated with the theoretical curve through the swell pressure
values measured throughout wet and dry cycles.
As previously mentioned, the swell pressure to DW was lower than the swell pressure to
0.03 M ionic strength. On the contrary, it is well documented that high content of salt in
the solution leads to major change in swell pressure.
As observed also by Di Emidio (2010), the presence of soluble salts produces a deviation of
the swelling pressure. In particular, this deviation is more pronounced for low ionic strength,
when the concentration of the soluble salts is higher than the external solution concentration.
Giving the similar micro-structure and the same conﬁning conditions between the samples
(UC_NaCl vs UC_DW+3SW or HC_NaCl vs HC_DW+3SW), this controversy might be
justiﬁed by the diﬀerence of chemical potential between pore water and external solution
(DW or 0.03 M ionic strength). Indeed, the conﬁned swelling is governed by a combination
of electrochemical potential of ions and chemical potential of water, which promotes a volume
change. The volume change is due to the absorption of deionized water to dilute the pore
water until thermodynamic equilibrium is achieved (Puma et al. 2015). As a consequence,
the external solution increased its concentration.
Prehydration eﬀects
The beneﬁcial eﬀect of prehydration can not be seen comparing UC_4NaCl and UC_DW+3SW.
After the desiccation phases, the prehydrated sample presented slightly (6 kPa) higher swell
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pressure than the one placed in direct contact with the solution at comparable ionic strength.
A possible explanation can be related to the retained water in the bentonite structure which
might delay the detrimental eﬀect of wet and dry cycles, as suggested by Lin and Benson
(2000). The eﬀect of prehydration in this case was more evident due to the lower ionic
strength of the solution (0.0125 M CaCl2). On the other hand, this study investigated the
impact of seawater, which is a high concentrated solution.
For hydraulic conductivity tests, prehydration with deionized water yields to a more
resistant bentonite to an aggressive solution than non-prehydrated bentonite (Shackelford
et al. 2000). In presence of diluted solutions, the bentonite is prone to undergo crystalline
and osmotic swelling. Therefore, water molecules ﬁrst hydrate the clay surface and then
they are attracted to the interlayer (osmotic swelling). On the contrary, if the bentonite is
directly hydrated with an electrolyte solution the extent of swell is reduced and conﬁned to
the crystalline phase.
Void ratio
The theoretical curve was drawn considering samples having the same void ratio. A note of
caution is due here since the void ratio of UC_DW+3SW and HC_DW+3SW, as well as
UC_4NaCl likely changed throughout the cycles. As it can be seen in Fig. 6.10, the volume
of the samples varied due to the shrinkage of the bentonite during the desiccation phases,
and they could not recover their original diameters throughout their own whole length. The
reduced swelling was also due to the contact with the seawater, which contributed to the
compression of the DDL. Therefore, the area of the sample was smaller than the initial one.
Although the variation of the area was considered in the calculation, the swell pressure value
might be overestimated as the swelling was only in the vertical direction.
The void ratio and c¯sk,0 are the main parameters involved in the theoretical interpretation
of the swell pressure through the model proposed by Dominijanni and Manassero (2012a,b),
as it can be deduced by Eq. 6.4. Considering for example low concentrations, Eq. 6.4 can be
simpliﬁed as follow:
usw = RT
c¯sk,0
e
(6.5)
Eq. 6.5 clearly shows that the higher swell pressure values provided by experimental tests,
at a given void ratio, yielded to a higher c¯sk,0 likely due to the intercalation of the polymer
which increased the negative surface charge. Whereas, for high concentrations we can refer
to Eq. 6.4.
In general, c¯sk,0 is quantiﬁed in terms of a fully dispersed micro-fabric, neglecting particle
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aggregation with increasing ionic strength. As also observed by Di Emidio (2010), this
assumption might constitute a limit for the interpretation of test results in presence of
polymer treatment. This is due to the polymer addition which likely maintains the DDL of
the bentonite open avoiding formation of aggregated tactoids even when subjected to wet
and dry cycles.
6.6 Theoretical background: chemico-osmotic behavior
of bentonites
The ion concentration of pore solution has an impact on the swelling ability as well as on
the osmotic eﬃciency of bentonite clays. In fact, increasing the solution concentration the
ion partition ability of the bentonite is reduced and the swelling capacity decreases, as well
as the ability to act as a semipermeable membrane.
In presence of a charged porous medium the partition eﬀect occurs and in order to
establish electro neutrality conditions the following equation has to be fulﬁlled:
z1c¯1 + z2c¯2 = c¯sk (6.6)
c¯i = Γici (6.7)
where c¯sk is the solid skeleton charge concentration referring to the pore volume (mol
m−3), c1 and c2 are the cation and anion concentrations, respectively, and Γi represents the
partition coeﬃcient.
The partition coeﬃcient accounts for the ability of the solid skeleton to determine a
partition eﬀect on the ions in the pore solution. It relates the ion concentrations in the
bentonite pores to the virtual salt concentration, cs. A coeﬃcient Γ1 ≥ 1 represents the
accumulation of the cations, whereas a coeﬃcient 0 ≤ Γ2 ≤ 1 indicates the exclusion of
the anions from the pore. When the partition coeﬃcient is higher than 1, the ions are
accumulated by the solid skeleton, whereas when the partition coeﬃcient is lower than one,
the ions are partially excluded. When Γ1 = Γ2 = 1, the membrane does not generate a
partition of the ion, it does not have any selective capability and there is no diﬀerence between
the virtual and real concentration in the porous medium. When Γ2 = 0 and Γ1 −→ ∞, the
ions are completely excluded and the membrane is ideal or perfect, being able to hinder
the passage of the salt completely (Dominijanni and Manassero 2012b).
From Donnan equilibrium equations (Dominijanni and Manassero 2012b) it is possible to
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derive the relation between the partition coeﬃcient of the cation, Γ1, and the anion, Γ2 as
follow:
Γ1 = Γ
− ν2
ν1
2 (6.8)
By using this equation, the electro-neutrality condition becomes:
Γ
− ν2
ν1
2 − Γ2 −
c¯sk
z1ν1Cs
= 0 (6.9)
A numerical solution can be used for speciﬁc cases. For a 1:1 electrolyte (e.g. NaCl or
KCl), the anion partition coeﬃcient is given by:
Γ2 = −ξ
2
+
√
(
ξ
2
)2 + 1 (6.10)
where ξ = c¯sk
cs
.
Through equation 6.9, the partition coeﬃcient is related to the value of the external salt
concentration, cs, and to the concentration of the solid skeleton charge referred to the pore
volume, c¯sk.
Membrane eﬃciency
The membrane behavior of bentonite is typically quantiﬁed in terms of a membrane eﬃciency
coeﬃcient, ω, also called the chemico-osmotic coeﬃcient. This parameter varies from zero to
unity and the membrane is called ideal when ω = 1. An ideal membrane would not allow
any ions to enter the pores. Whereas, if ω = 0 the bentonite would not restrict ion transport
(Malusis and Daniyarov 2016). The value of ω is not constant through the bentonite sample
due to the variation of the ion concentration at the top and at the bottom (ct and cb,
respectively). Therefore, ω is function of the solution concentration and a direct measurement
is not feasible. For this reason, it is commonly employed the apparatus designed by Malusis
and Shackelford (2002) which impose the condition of no volumetric ﬂux (q = 0) through the
soil sample in contact with two external solutions with diﬀerent salt concentrations. As the
salt concentration is maintained constant, the global, or averaged, value of the membrane
coeﬃcient can be measured by means of the following relation under steady-state:
ωg = (
∆u
∆Π
) (6.11)
where ∆u = ut − ub and ∆Π = Πt − Πb represent the diﬀerences between the hydraulic
pressure and the osmotic pressure at the top and the bottom of the clay sample. The average
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global values, ωg, can be determined by the following equation (Dominijanni and Manassero
2012b) if in presence of monovalent ions (e.g. KCl, NaCl):
ωg = 1 +
c¯sk,0
2∆cse
[Z2 − Z1 − (2t1 − 1)ln(Z2 + 2t1 − 1
Z1 + 2t1 − 1)] (6.12)
where:
t1 =
D1,0
D1,0 +D2,0
= cation transport number (6.13)
Z1 =
√
1 + (
2cte
c¯sk,0
)2 (6.14)
Z2 =
√
1 + (
2cbe
c¯sk,0
)2 (6.15)
D1 is the macroscopic diﬀusion of the i-th ion, ct and cb are the salt concentrations at
the top and the bottom boundaries of the clay samples (∆ cs = ct - cb).
Chemico-osmotic test
Malusis et al. (2001) developed a special apparatus to measure the chemico-osmotic eﬃciency
and diﬀusion coeﬃcient. Similar setups were used later for comparison by other authors
(Bohnhoﬀ and Shackelford 2013; Di Emidio 2010; Mazzieri et al. 2010). As it can be seen
in Fig. 6.17, this testing apparatus consists of two main parts: the pumping system and the
rigid-wall testing cell provided with pressure transducers.
The pumping system consists of a dual syringe pump equipped with two stainless steel
cylinders aimed to circulate separate electrolyte solutions of diﬀerent concentrations at the
top (ct,i) and at the base (cb,i) of the soil specimen in order to induce and maintain a chemical
gradient across the soil. If membrane behavior occurs, a diﬀerential pressure (∆ P) between
the top and the base of the sample should be measured.
Circulation outﬂow from these boundaries is simultaneously collected on the opposite
end of the cylinder actuator at the same rate in order to maintain a constant volume inside
the cell and prevent liquid ﬂux through the specimen (perfect ﬂushing conditions).
Measured solute concentrations in the outlet solutions are used to evaluate the solute
mass ﬂux entering the soil from the higher concentration boundary (ct,i - ct,0) and exiting
the soil into the lower concentration boundary (cb,i - cb,0), due to diﬀusion. The measured
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Figure 6.17: Chemico-osmotic experimental test set-up (Di Emidio et al. 2015)
concentrations are used to compute the solute transport parameters (such as diﬀusion, D∗,
and retardation factor, Rd).
An optimal circulation rate (4.2× 10−10 m3/s) is chosen in order to be suﬃciently rapid
to minimize changes in the boundary solute concentrations due to diﬀusion, but suﬃciently
slow to allow a measurable accumulation of solute mass into the base to determine the
transport parameters. In fact, the circulation rate should have an upper boundary limit to
avoid dilution of the solute concentrations diﬀusing from the specimen in order to allow the
measurement of the solute mass ﬂux into the base required for determination of the transport
parameters (Di Emidio 2010), while maintaining a constant concentration diﬀerence between
the top and bottom solutions.
The chemico-osmotic eﬃciency coeﬃcient, ω, is deﬁned as follows:
ω =
∆P
∆Π
|q=0 (6.16)
where ∆ P is the measured pressure diﬀerence induced across the specimen as a result
of prohibiting chemico-osmotic ﬂux of solution (q = 0), and ∆Π is the theoretical chemico-
osmotic pressure diﬀerence across an ideal membrane (ω = 1) subjected to an applied dif-
ference in solute concentration.
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The value for ∆Π in Eq. 6.16 is calculated based on the salt concentrations at the specimen
boundaries in accordance with the Van't Hoﬀ expression as follows:
∆Π = RT
N∑
j=1
(cb,j − ct,j) (6.17)
where R is the universal gas constant (8.314 J/mol per K), T is the absolute temperature
(K). Under perfect ﬂushing conditions, cb,j (= 0) is the initial concentration of solute species
j at the bottom (b) of the specimen (mol/l), ct,j is the source concentration of solute species
j at the top (t) of the specimen (mol/l), and N is the total number of solute species. For
simple salt solutions, such as CaCl2 Eq. 6.17 may be written more conveniently as
∆Π = υRT∆c (6.18)
where υ is the number of ions per molecule of salt, and ∆c = cb,i - ct,i is the salt con-
centration gradient. The induced pressure diﬀerence, ∆P, in Eq. 6.16 is measured using a
diﬀerential pressure transducer that is connected to the top and the base of the specimen,
as shown in Fig. 6.17. The top plate of the permeameter can be ﬁxed to a speciﬁc height to
avoid swelling of the sample during the test.
6.7 Theoretical interpretation: chemico-osmotic behav-
ior of modiﬁed bentonites
The possible replacement of untreated bentonite with chemically modiﬁed bentonites has
emerged as powerful alternative in engineered barriers because they may provide greater
resistance to degradation of the membrane behavior by invading salts. The membrane be-
havior of several modiﬁed bentonites exposed to solutions of KCl and CaCl2 are described
and back analyzed using the model developed by Dominijanni and Manassero (2012a,b) in
the following sections.
6.7.1 Chemico-osmotic behavior of modiﬁed bentonites
The chemico-osmotic coeﬃcient of a conventional GCL (Malusis and Shackelford 2002) and
untreated clay (Di Emidio et al. 2015) are compared with those of modiﬁed bentonites:
DPH GCL (Malusis and Daniyarov 2016), MSB (Di Emidio 2010), HYPER clay (Di Emidio
2010) and BPN (Bohnhoﬀ and Shackelford 2013; Bohnhoﬀ et al. 2014) obtained from tests
conducted using rigid wall permeameters and solutions of KCl and CaCl2 at diﬀerent ionic
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Figure 6.18: Comparison of the chemico-osmotic coeﬃcients, ωg, for specimens of conventional GCL
(Malusis and Shackelford 2002), BPN (Bohnhoﬀ et al. 2014), DPH GCL (Malusis and Daniyarov
2016) versus source of KCl concentration
strengths in Fig. 6.18 and Fig. 6.19.
In general, enhanced membrane behavior has been reported for modiﬁed bentonites in
presence of both mono- and bi-valent ions. As expected, the chemico-osmotic eﬃciency
improves in presence of solutions containing monovalent ions. Therefore, values of chemico-
osmotic coeﬃcient measured for modiﬁed bentonites specimens are higher than those of
untreated bentonite tested with similar testing conditions. Obviously, the preservation of the
membrane behavior due to polymer addition became more evident for higher concentrations.
For instance, as shown in Fig. 6.19, the values of ω based on membrane tests on BPN from
Bohnhoﬀ et al. (2014) and HYPER clay from Di Emidio (2010) were higher than the values
of ω for untreated Na-bentonite from Di Emidio (2010) for 5 mM CaCl2. The membrane
behavior of the untreated bentonite was completely destroyed, whereas ω was 0.13 and 0.95
for HYPER clay and BPN respectively. However, ω decreased increasing salt concentration
for both untreated and treated bentonites, which is consistent with the diﬀuse double layer
theory. Nevertheless, these results indicate higher limiting or threshold concentrations for
modiﬁed bentonites. On the other hand, exposure to highly concentrated electrolyte solution
degraded the membrane behavior eventually. For instance, the membrane behavior of BPN
was completely compromised with 10 mM CaCl2, due to elution of the polymer from the
bentonite (Bohnhoﬀ and Shackelford 2013).
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Figure 6.19: Comparison of the chemico-osmotic coeﬃcients, ωg, for specimens of untreated clay
(Di Emidio et al. 2015), DPH GCL (Di Emidio 2010), BPN (Bohnhoﬀ and Shackelford 2013), MSB
(Mazzieri et al. 2010) and HYPER clay (Di Emidio 2010) versus source of CaCl2 concentration
Eﬀect of soluble ion removal
The samples tested with CaCl2 by Di Emidio et al. (2015) and the conventional GCL from
Malusis and Shackelford (2002) were ﬁrst prehydrated with deionized water for about 300
days and then tested in the chemico-osmotic apparatus. Afterwards, Di Emidio et al. (2015)
permeated the specimens with 5 mM CaCl2 to check for the hydraulic conductivity. This
long prehydration period simulated the removal of soluble ions naturally present inside the
bentonite. On the contrary, BPN from Bohnhoﬀ and Shackelford (2013) and Bohnhoﬀ
et al. (2014) and DPH GCL from Malusis and Daniyarov (2016) were not subjected to ion
removal. The prehydration for the removal of the soluble salts prevents them from interfering
with the determination of the osmotic properties. For amended bentonites this prolonged
prehydration can be detrimental because can elute the amendments.
Inﬂuence of treatment method and soluble salts removal of the long prehydration
The treatment method plays also a key role on the performance of these barrier liners. The
aforementioned modiﬁed bentonites were treated with polymers following diﬀerent proce-
dures (as described more in details in Chapter 3).
What is striking to highlight here is that HYPER clay (presented in Fig. 6.19) was pro-
duced with 2% of polymer, whereas the amount of polymer of the other modiﬁed bentonites
ranged between 20% (MSB) to 28.5% (BPN). This is an important aspect to take into ac-
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count as the polymer improves the adsorption capacity as well as increases the commercial
price of the products.
In addition, the persistence of the amendment in the long-term is also fundamental.
In this regards, MSB and DPH GCL displayed a chemico-osmotic behavior at the steady
state similar to that observed on untreated bentonite, after prolonged permeation to remove
soluble salts, suggesting a possible ﬂushing of the amendments out of the bentonite structure.
On the contrary, HYPER clay results suggested that the CMC was not ﬂushed out during the
long period of permeation with deionized water. Moreover, the hydraulic conductivity was
measured after the chemico-osmotic test and it provided a k = 5.3×10−12 m/s, comparable
to the one in deionized water.
A note of caution is due here to compare BPN results with those of other modiﬁed
bentonites. First of all, the amount of polymer is higher compared to the other modi-
ﬁed bentonites. Secondly, the good chemico-osmotic performances might be related to (a)
swelling of the superabsorbent polymer portion of the BPN in low EC solutions, result-
ing in osmotic swelling and small hydraulically active pores; (b) excess of low molecular
weight polymer likely results in clogging the interconnected pores of the BPN (Bohnhoﬀ and
Shackelford 2013; Scalia IV et al. 2014). As suggested by Scalia IV and Benson (2016), the
lack of intercalated polyacrylate within BPN makes this material diﬀerent from intercalated
enhanced-bentonite composites, such as MSB, DPH GCL and HYPER clay.
6.7.2 Back analysis of the chemico-osmotic eﬃciency of modiﬁed
bentonites
The chemico-osmotic eﬃciency of non-treated and polymer treated clays of Fig.6.18 were
back analyzed using the model proposed by Dominijanni and Manassero (2012b) .
On the basis of the proposed theoretical approach, the chemico-osmotic coeﬃcient, ωg,
depends on the solid skeleton electric charge, c¯sk,0, through Eq. 6.12. This relationship is
particularly important for amended clays, where the presence of absorbed anionic polymer
can increase c¯sk,0 (Di Emidio et al. 2010). In order to determine ωg, the salt concentration
at the top boundary was considered to be equal to ct,avg, while the salt concentration at the
bottom boundary was considered equal to zero (DW). The potassium and chloride transport
numbers were assumed to be equal to 1.96×10−9 m2/s and 4.91×10−9 m2/s respectively.
Therefore, from the best-ﬁtting of the theoretical curves with the experimental results it is
possible to ﬁnd the value of c¯sk,0 through Eq. 6.12. The values of c¯sk,0 of a conventional GCL,
BPN, DPH GCL and HYPER clay are listed in Table 6.9 together with chemico-osmotic
test results.
182
Chapter 6. Validation of a theoretical model for the swelling pressure during wet and dry
cycles and chemico-osmotic performance of untreated and modiﬁed clays
Table 6.9: Chemico-osmotic test results
Test designation Reference Specimen porosity, n Source KCl concentration Membrane eﬃciency coeﬃcient Csk,0 Csk
n cot [mM] ωg [mM] [mM]
GCL Malusis and Shackelford, 2002 0.79 3.9 0.52 0.045 0.012
6 0.42
8.7 0.42
20 0.26
47 0.08
0.86 8.7 0.42 0.066 0.011
20 0.26
47 0.08
BPN _RW1 Bohnhoﬀ and Shackelford, 2013 0.92 4.7 0.84 320 28
28.5% POLYMER 9.3 0.69
20 0.5
54 0.21
BPN_RW2 Bohnhoﬀ and Shackelford, 2013 0.8 4.7 0.88 135 34
28.5% POLYMER 9.3 0.76
20 0.51
54 0.25
DPH GCL Malusis and Daniyarov, 2016 0.53 8.7 0.73 65 43
0.64 20 0.57
0.6 47 0.26
0.63 80 0.25
0.62 160 0.15
HYPER clay Di Emidio et al., 2015 0.718 1 (CaCl2) 0.62 84 33
2% POLYMER 5 (CaCl2) 0.13
For comparison reasons, Fig. 6.20 shows the best ﬁtting of the theoretical curves with
the experimental results for specimens of BPN and DPH GCL with porosity of 0.8 and 0.6
respectively.
From Fig. 6.20, it is possible to denote that the theoretical curve represented well the
experimental results also for modiﬁed bentonites. Moreover, the results exhibited the general
trend of increasing membrane behavior with decreasing porosity.
The membrane eﬃciency coeﬃcients of BPN and DPH GCL specimens were very similar.
The specimens were characterized by a bentonite dry mass of 4.8 kg/m2 and 4.88 kg/m2 and
thickness of 8.6 mm and 5.9-7.1 mm for powder BPN and DPH GCL respectively. However,
the good performance of BPN might be attributed to the high polymer content, around
28.5%. Nevertheless, the approximate semi-log nonlinear decrease in ωg with increasing salt
concentration suggested that the mechanisms of the membrane behavior of both BPN and
DPH GCL were consistent with those previously associated with traditional Na-bentonite.
Therefore, the degradation of the membrane behavior might be ascribed to the shrinkage of
the DDL due to the interaction of the electrolyte solution and the modiﬁed bentonites.
This theoretical interpretation likely indicated that the polymer increased the ﬁtting
parameter c¯sk,0 of both BPN and DPH-GCL. Although the similar membrane behavior,
BPN and DPH GCL were characterized by diﬀerent c¯sk,0 values. The c¯sk,0 of BPN specimen
was much higher compared to the one of DPH GCL, 135 mM versus 65 mM. The high c¯sk,0
value of BPN specimens might be attributed to the high polymer content, around 28.5%
by bentonite mass, and to the polymer not being absorbed which might act as a membrane
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Figure 6.20: Chemico-osmotic coeﬃcient, ωg, of a conventional GCL (Malusis and Shackelford,
2002), two samples of BPN (Bohnhoﬀ and Shackelford 2013) and a DPH GCL (Malusis and Dani-
yarov 2016)
with a possible diﬀerent c¯sk,0.
In addition, it is unclear the reason why BPN_RW1 and BPN_RW2 presented diﬀerent
values of c¯sk,0. These samples were tested under similar conditions but with diﬀerent void
ratio. The concentration of the solid charge referred to the pore volume, c¯sk was then
calculated dividing c¯sk,0 by the void ratio. They ended up with similar values of the solid
skeleton charge concentration referring to the pore volume, which is more reasonable as the
specimens consist of the same bentonite. Hence, the diﬀerence might be related to the excess
of low molecular weight polymer eluted, which is likely more pronounced with high porosity
(e.g. 0.92 in this study). Therefore, these results support the study of Scalia IV and Benson
(2016) that the polymer might not be absorbed through the treatment applied to the BPN.
On the contrary, it seems that promotes the releasing of the polymer as also demonstrated
by Bohnhoﬀ and Shackelford (2013), Bohnhoﬀ et al. (2014), and Scalia IV et al. (2014).
The long-term sustainability of the possible contribution of any excess low molecular weight
polymer to the superior performance of the BPN is unknown.
For sake of comparison, the c¯sk,0 of HYPER clay treated with 2% of CMC, evaluated
by Di Emidio (2010), resulted to be equal to 84 mM. This value of c¯sk,0 is by far smaller
compared to that of BPN and greater than that of DPH GCL. Although the small amount of
polymer in HYPER clay, the irreversible absorption of the CMC onto the bentonite platelets
led to an increase of c¯sk,0 compared to untreated bentonite and DPH GCL.
184
Chapter 6. Validation of a theoretical model for the swelling pressure during wet and dry
cycles and chemico-osmotic performance of untreated and modiﬁed clays
6.8 Conclusions of Chapter 6
The theoretical model developed by Dominijanni and Manassero (2012a,b) was used to in-
terpret experimental data of swell pressure and chemico-osmotic eﬃciency of modiﬁed ben-
tonites. The purposes of this section were:
1. set the basis for a possible prediction of the bentonite behavior during wet and dry
cycles and to estimate the ﬁnal concentration at the end of the tests;
2. evaluation of the applicability of the model to all modiﬁed bentonites.
Swell pressure
The theoretical curves were drawn based on the swell pressure of Na-activated bentonite
and HYPER clay 8% to increasing ionic strength. The swell pressures through wet and dry
cycles with sodium chloride and seawater were then back analyzed.
The results of this investigation showed that generally the ion concentration in the pore
water increased with increasing number of wetting cycles. However, care must be taken as
several factors are involved in the mechanisms, such as salt concentration, prehydration, and
void ratio.
The back analysis of the results obtained from wet and dry cycles with sodium chlo-
ride showed that it might be possible to use the model to simulate the aging process with
untreated bentonite. However, the study resulted limited by the lack of information on
ion concentration at the end of each wetting cycle for the cycles performed with seawater
(DW+3SW). Therefore, more research using controlled trials is required to better compare
whether experimental results ﬁt the theoretical curve.
Chemico-osmotic eﬃciency
Experimental data from literature were back-analyzed through the model proposed by Do-
minijanni and Manassero (2012a,b). The purpose of this study was to evaluate whether
the model represents well the experimental results also for modiﬁed bentonites or not. Re-
sults of chemico-osmotic tests on BPN and DPH GCL specimens, hydrated with KCl, were
considered.
The theoretical curve of the chemico-osmotic coeﬃcient versus average concentration
represented well the experimental results from both, BPN and DPH GCL. The trend of
non-linearity for the modiﬁed bentonites between the chemico-osmotic coeﬃcient and the
logarithm of the concentration was consistent with those of untreated bentonite.
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In general, values of membrane eﬃciency for modiﬁed bentonites were higher than those
of conventional Na-bentonite specimen tested with KCl solution. The ﬁtting parameter c¯sk,0
of the modiﬁed bentonites were higher compared to those of untreated bentonite. In addition,
the membrane eﬃciency of BPN increased when the porosity of the specimens decreased.
The comparison of the ﬁtting parameter c¯sk,0 showed higher value for BPN compared to
DPH GCL, probably due to the higher amount of polymer.
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Geosynthetic clay liners are widely used in landﬁll applications to isolate waste liquids from
the environment. GCLs must ensure low hydraulic conductivity in the long term to avoid
migration of contaminants in the surrounding soil and groundwater. The low hydraulic con-
ductivity of GCLs is attributed to the high sealing capacity of the enclosed bentonite in the
presence of water. However, exposure to aggressive solutions can impair the hydraulic eﬃ-
ciency due to the collapse of the diﬀuse double layer (DDL) of the bentonite. The eﬃciency
of GCLs can further deteriorate when the compression of the DDL is concomitant with wet
and dry cycles as a result of seasonal changes in temperature, rainfall and groundwater mi-
gration. Recent studies have highlighted the need of the development of engineered materials
to overcome the hydraulic problems encountered with conventional GCLs for concentrated
leachate.
The main purpose of this doctoral research was to investigate the performance of a
polymer modiﬁed bentonite, HYPER clay, subjected to wet and dry cycles under diﬀerent
conditions (i.e. temperature, solution). The wet and dry cycles we simulated represent
a particularly extreme aggressive aging condition due to contact with high concentrated
electrolyte solutions, such as seawater, combined with desiccation till low water contents
(lower than those expected in the site). The main feature of HYPER clay is the irreversible
adsorption of the polymer in the bentonite structure which helps to maintain a thick DDL
even in aggressive environments.
To demonstrate the potential beneﬁts of HYPER clay technology, swelling and hydraulic
capacity were evaluated. The performance of HYPER clay was compared to the one of
untreated bentonite under wet and dry cycles with seawater. To assess the impact of the
cycles, strong electrolyte solution and drying temperature a number of tests has been carried
out. Swelling capacity and crack development were investigated by means of one-dimensional
swell tests, swell pressure tests and temperature impact tests (air, 40°C and 60°C). In addi-
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tion, µCT Scanning quantitatively measured the amount of cracks formed during the cycles.
The hydraulic performance were evaluated by means of hydraulic conductivity tests and ﬂow
box of powder bentonite and GCL prototypes subjected to wet and dry cycles at diﬀerent
drying temperatures (air, 40°C, 60°C and 105°C). Finally, a theoretical interpretation of
experimental results was conducted.
7.1 Experimental results
7.1.1 Swelling ability
The HYPER clay treatment improved the swelling ability, therefore self-healing capacity, of
the bentonite subjected to wet and dry cycles. Swell index tests demonstrated that HYPER
clay maintained a certain swelling ability even after wet and dry cycles with seawater. The
swell index of HYPER clay was four times higher compared to the one of untreated bentonite
in seawater, indicating that the polymer is still adsorbed to the ﬁxed cations even after the
aging process.
The results of the swell index tests were not very clear due to the occurrence of macropores
and turbidity. Moreover, swell index tests only give the free swell before and after four wet
and dry cycles. Therefore, swell pressure tests were conducted on untreated bentonite and
HYPER clay 8% (HC+8%) subjected to four wet and dry cycles to measure the swelling
ability throughout each wetting cycle. The swell pressure of HC+8% always exceeded the
swell pressure of untreated bentonite and less cracks were present on the polymer treated
clay.
The enhanced swelling behavior of HYPER clay was further conﬁrmed by the one-
dimensional swell test and µCT Scanning analysis. The swelling recorded at the end of
the 6th cycle of HYPER clay was comparable to the swelling of untreated bentonite in deion-
ized water. In addition, the quantitative analysis demonstrated the superior performance of
the polymer treated clay in reducing cracks formation and enhancing self-healing capacity
thanks to the adsorption of a larger amount of water compared to untreated bentonite.
Untreated and polymer treated bentonite were subjected to four wet and dry cycles
(DW+3SW) with three diﬀerent drying temperatures (20°C, 40°C and 60°C). At the end of
each cycle, the water adsorption, swelling ability and self-healing capacity were measured. In
general, the water content and vertical swell of HC+8% was higher compared to untreated
bentonite during each wetting cycle independently of the drying temperature. Furthermore,
increasing the hydration time of HC+8% (40°C) to four days increased the vertical swell.
This indicates that HYPER clay did not reach its ﬁnal swell after two days of hydration.
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Both, untreated clay and HC+8%, experienced cracks at each drying temperature. However,
the crack width decreased increasing the drying temperature.
7.1.2 Hydraulic conductivity
The performance of HYPER clay was compared to that of untreated bentonite for powder
samples and GCL prototypes.
As expected, the hydraulic conductivity of powder bentonites increased with the number
of cycles due to the compression of the DDL and crack formation. The permeability of
HYPER clay increased of a less extent than untreated bentonite which failed within three
cycles. The permeability of HYPER clay was indeed about three orders of magnitude less
than that of untreated clay through wet and dry cycles with seawater.
The performance of a needle punched GCL prototype containing HYPER clay 8% was
compared to that of a conventional GCL. The GCLs were ﬁrst subjected to wet and dry cycles
with seawater at diﬀerent drying temperature (40°C, 60°C and 105°C) and then tested by
means of hydraulic conductivity tests. The irreversible adsorption of the polymer is clearly
supported by the lower hydraulic conductivity of the GCL containing HYPER clay 8% at
each drying temperature and hydration condition. In general, the hydraulic conductivity
of the polymer treated bentonite was always two orders of magnitude lower compared to
the untreated base bentonite. Furthermore, increasing the drying temperature from 40°C
to 60°C resulted in an increase in hydraulic conductivity. These observations are consistent
with the results obtained by the temperature impact test.
This is the ﬁrst study reporting the performance of an overlapped GCL containing mod-
iﬁed bentonite subjected to wet and dry cycles and tested in a ﬂow box. The ﬂow box
was able to measure the sealing capacity of the overlap, demonstrating the beneﬁcial im-
pact of the HYPER clay treatment on the self-healing capacity and water adsorption. As a
consequence, the hydraulic conductivity of GCL_HC was lower compared to GCL_UC.
Overall, this study strengthens the idea that HYPER clay might be a valid substitute of
untreated clays for containment applications in aggressive environments, such as seawater.
7.1.3 Theoretical interpretation
Swell pressure through wet and dry cycles
The swell pressure test results were interpreted theoretically with the model proposed by
Dominijanni and Manassero (2012a) and Dominijanni and Manassero (2012b).
The parameter csk,0 was found from the ﬁtting of experimental data. The assumption of a
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constant value allowed to simulate the behavior of untreated bentonite with increasing ionic
strength with an acceptable degree of approximation. On the other hand, the csk,0 obtained
for HYPER clay underestimated the swelling pressure at high concentrations probably due to
presence of the polymer. However, the higher csk,0 value found for HYPER clay demonstrated
the increase of the negative surface charge due to the anionic polymer addition.
One of the more signiﬁcant ﬁndings to emerge from this study is that the theoretical
curve represented well the aging process of untreated bentonite when subjected to wet and
dry cycles and directly exposed to the electrolyte solution (no prehydration).
More investigation is required for the samples subjected to the cycles with seawater due
to the lack of information about the ﬁnal concentration.
Chemico-osmotic eﬃciency of modiﬁed bentonites
Experimental data from literature of BPN and DPH-GCL chemico-osmotic eﬃciency were
back-analyzed through the model proposed by Dominijanni and Manassero (2012a) and
Dominijanni and Manassero (2012b).
In general, values of membrane eﬃciency for modiﬁed bentonites were higher than those of
conventional Na-bentonite specimens tested with KCl solution. The theoretical curve of the
chemico-osmotic coeﬃcient versus average concentration represented well the experimental
results from both, BPN and DPH GCL. In addition, the membrane eﬃciency of modiﬁed
bentonites increased decreasing the porosity of the specimens, alike to a conventional GCL
performance. The comparison of the solid skeleton electric charges showed higher value for
BPN compared to DPH-GCL, probably due to the higher amount of polymer.
7.2 Recommendations for future work
The issue of direct exposure to electrolyte solution is an intriguing one which could be usefully
explored in further research. For instance, by directly exposing the GCLs to seawater and
performing wet and dry cycles at 40°C to be compared to those obtained at 60°C during
this doctoral research.
At the end of the long term hydraulic conductivity tests after wet and dry cycles of HY-
PER clay, an in depth analysis should be performed to further demonstrate the irreversible
adsorption of the polymer on the clay surface.
Further investigation and experimentation into the use of the theoretical model to sim-
ulate wet and dry cycles is strongly recommended. Future trials should investigate the
performance of HYPER clay subjected to wet and dry cycles with a monovalent solution
and directly exposed to it.
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An interesting aspect to investigate could be the water retention of the polymer modiﬁed
bentonite. This study might provide more insights on the understanding of the behavior
of HYPER clay. The wetting and drying paths should be evaluated and interpreted with a
numerical model for the polymer modiﬁed bentonite. In addition, the eﬀects of hydrating
liquid and wet and dry cycles are also key aspects to further investigate.
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